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PREFACE 


T he international conference on physics (1934) was 
organized by the International Union of Pure and Applied Physics 

and the Physical Society. 

Some 200 distinguished physicists attended either as delegates of the 
National Committees adhering to the Union or as guests of the Con- 
ference, invited by the joint Presidents. In addition, membership was 
open to all interested in Physics ; the roll of members contained over 

600 names. 

The meetings in London were held either in the rooms of the Royal 
Society, Burlington House, or at the Royal Institution of Great Britain. 
The Conference also'met at Cambridge on Thursday, October 4th, 

by the invitation of Lord Rutherford. 

The papers read before the Conference, with contributions to the 
discussions made either at the meetings or subsequently, are being- 
published in full in two volumes: 

Vol. 1 . Nuclear Physics. 

Vol. 11 . The Solid State of Matter. 
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OPENING SURVEY 

By sir W. H. BRAGG, O.M., F.R.S. 


T he importance and interest of those phenomena of the Solid State 
which are to be considered at this meeting of the International 
Union of Physics are most agreeably emphasized by the largeness of 
the attendance and by the presence of so many recognized authorities. 
Especially may we congratulate ourselves on the fact that well-known 
investigators have come to us from many countries, from America in the 
West which gives us our President Dr Millikan to Russia in the East 
which sends us representatives of the distinguished staff directed by D 
Joffe in Leningrad. 

This is by no means the first conference that has discussed the 
problems of the Solid State. At the root of all physical and chemical 
advance lies the urgent need for fuller understanding of the forces that 
bind atoms and molecules together. In recent years we have acquired 
new powers of examining the structure of the solid and of observing the 
action of the atomic forces under new conditions. The consequent 
growth of knowledge has been rapid, and it is not surprising that succes- 
sive Conferences have met to discuss it and to co-ordinate it. The pro- 
moters of this Conference have believed that there is again the need and 
the opportunity for a further review: their belief is already fully justified 
by the excellence of the papers that have been prepared and are now in 
our hands. 

It has been thought well to arrange the subjects for discussion into 
two groups. In the one, consideration will be given to cert ain phy^ al 
phenomena which are c haracteristj c ot the Solid State: tlie other will 
consider the efforts to apply mathematical analysis to observed facts. 
I have been asked to make a preliminary statement which will explain in 
general terms the significance of the advances that are being made in 
e'ach of these directions. 

Twenty years ago it was discovered that the arrangement of the atoms 
in a crystal might be examined by the use ot X-ravs. The new method 
was eagerly applied to the determination ot crystalline structures ot all 
kinds. One of the most striking facts revealed in the course ot the search 
was the wide prevalence of the CQ^s^tallinc^str uctur e : it had not been 
previously realized that the regularity of arrangement characteristic of 
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the crj^stal is a normal condition of the solid body. The X-rays had some- 
thing to tell of the constitution of substances of all kinds: not merely o 
those that are obviously crystalline, nor only of those that under special 
circumstances look to be crystalline, such as the metals, but also of such 
apparently amorphous substances as woods and vegetable fibres generally, 
of the materials of the living world, the cell wall, nerve and muscle, hair 

and wool. 

During these twenty years of intensive research certain very impor- 
tant facts have become gradually more clear. One of them is the extreme 
precision with which the cr^^stal structure can be measured, and a second 
is the tymstancy of the structural dimensions of the crystal pattern no 
matter what the origin of the crystal may be nor in what way it may have 
been treated. For example, measurements of the len^h of the cubic 
element of the rocksalt structure made by different investigators on 
various specimens agree to less than one part in a thousand. Nor does the 
presence of impurities invalidate the measurements. It is naturally a very 
great pleasure to the experimenter to find that the crystal responds to 
every^ effort that he makes to improve the accuracy of his measurements. 
And of course it is also gratifying to see in the details of the structures 
that are revealed, the origins of many of the phenomena which the crystals 
themselves display, such as the manifold yet invariable details of form, 
the existence of cleavage and the position of the cleavage plane, the hard- 
ness of the diamond, the fibrous appearance of asbestos and so forth. 
The exactness of the X-ray determinations forms a solid ground on 
which to found further enquiries. 

Yet the veiy exactness and universality of the X-ray results are 
evidence of t heir insufficiency . There are phenomena of the solid state 
which t hey cannot of themselves explain . The strength and rigidity, of a 
cry'Stal may var}' enormously while there is no change in the X-ray indi- 
cations and therefore none in the geometric structure of the crystal. There 
are other properties that display a similar independence in greater or less 
degree, such as the conductivities for heat and electricity, or the cploratioji 
under the action of radiation. Clearly the perfect geometric structure is 
not the only determining factor in the behaviour of the crystal. 

This point of view has been clearly set forth by Smekal : and the 
promoters of this conference have been gratified by his consent to attend 
and to state his arguments in a comprehensive paper. He has long in- 
sisted on a distinction to be drawn between what may be defined as 
“sensitive” and “insensitive” effects. The latter include all those effects 
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which are functions of the composition of the crystal itself, and of little 
else, such as the structure in all its details revealed by X-rays. The former, 
such as hardness, conductivity and so on may vary widely, being sensitive 
to external influences and the past history of the crystal. Certain aspects 
of this question are considered in a very interesting paper by Prof. 
Ewald and Dr Renninger. 

It is perhaps well to pause at this point in order to realize the meaning 
and purpose of such considerations as these, and of the researches to 
which they lead. All our investigations of the solid bodies of every form, 
animal, vegetable and mineral, have as a principal aim the connexion 
between the properties of the body on the one hand and its composition 
and architecture on the other. Some of these properties are directly 
dependent on the few atoms of the unit cell in the crystal. Their arrange- 
ment determines the behaviour of the body as a whole. But there are 
other properties which depend on atomic relations which are not fully 
developed within the cell : a larger field is required. The action of the 
atomic forces in groups of hundreds or thousands or tens of thousands of 
atoms must be considered before we can understand these other pheno- 
mena of the Solid State. It is within a region of dimensions covering 


groups like these that we look for explanations of many matters which 
affect our ordinary life — the qualities of a steel or a bronze, of a glass or 
an insulating compound, of a textile fibre or a nerve. And somewhere in 
this scale of sizes there enters the breath of life to control those atomic 
compositions which enter into the living organism. We may never learn 
any more of the life principle than some details of the mechanism which it 
employs, but it is fascinating to anticipate that it may be possible to know 
even that little. What then is this condition of a body which so affects its 
properties and is superimposed upon the geometric crystalline structure? 
A survey of all properties and behaviours must be made in the attempt to 
satisfy such an enquiry. For the purpose of this introductory address I 
need only allude to one such property: the whole field is in other parts 
well covered by the excellent reports that have been contributed. 1 he 
cohesive force in r ocksal t calculated from a knowledge of its s trucpa i e and 
its ionic co mpositio n is about 200 kg ^per mm: 1 he e\pexiiliejltaJ_ \ aluc 
varies greatly with the circumstances of measurement but does iK)t 
u sually amount to a sin gle k ilo gnunm e. Plastic working of the specimen 
generally increases the tensile strength in all materials: so does, in the 
case of rocksalt, handling under water. \\ hat is the cause of this immense 

discrepancy? 
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This is one striking example of the effect 
should perhaps say “factors” to cover the poss.b.l.ty that the 

very nweshng paper presented by Dr E. Schmid. He shows how m 
ionTc Crystals the'^ealculated elasticity constants agree observ tons 
whereas in the case of the metals there is no agreement at 
considerations of slip, plasticity and mechanical twinning there g_ 

now presents itself: Is this up^n factor 

whidmhTbodv is composed? Or is it purely the consequence of external 
and variable influences? Or does the truth he between these extremes. 

Dr Zwickv would answer the question m the first of these three ways 
He has to prove the existence of a_^ecqi^ristmcture^^^^^ the 

Sstl on a much larger scale than that revealed by X-rays and so regular 
that it might also be called crystalline. He has tried to show that beside 
the regular arrangement of positive and negative ions m an ideal crystal 
there may be other stable arrangements m which the superstructure 
plays a part. He has also supposed that in their new^ositions the ions 
find theLelves in electrical fields and are thereby polarised, so adding to 
the departure from simplicity which the existence of a ^^P^^stmctum 

oLan who is contributing a report to this conference. We 
tVhi^with great interest. It is a matter of much regret that Dr Zwicky 
is not here also : but we are to have the pleasure of hearing our President, 
e- when he presents an account of experiments due' to Dr Goetz, who has 

been associated with Dr Zwicky m his research*. 

In opposition to Dr Zwicky ’s idea of the regular superstructure 

naturallv associated with each X-ray structure, are those theories which 
would suppose the unknown condition to be based on the statistic?^ 
distribution through the material of some sort oL irregulanties ; gaps, 

cracks, “ Lockerstellen ” are some of the descriptive terms 

We are fortunate in having here Dr Orowan, Prof. G. I. Taylor and 
others who have, with great perseverance and brilliant technique de- 
veloped the theory originated by Griffith that the unexpected weakness of 
materials is due to cracks, which are particularly liable to lead to rupture 
if they lie upon the surface. It is a disappointment that Praf. Joffe, who 
has done so much to clarify our ideas of the strength of materials, is not 
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here as he had intended, but we welcome some of his distinguished 
collaborators who will give an account of the work in Leningrad. We are 
also very glad to have an account by Dr Burgers of those researches in 
which he connects the history of the treatment of a crystal with its 
recrystallization properties : since the latter must also be governed by the 
condition which we are trying to understand, and a knowledge of any of 
its effects is therefore valuable. 

On the “accidental” hypothesis the condition determining the 
peculiar behaviour of solid materials is an irregular distribution of defects 
which is largely determined by outside influences such as rates of cooling 
from the melt or formation from solution or cold working, or annealing or 
the nature of the surrounding medium and so on. 

It may appear to some that it is possible to push the “accidental” 
hypothesis too far. It may seem that the remarkable properties of solid 
materials which mean so much to us cannot be entirely dependent upon 
external circumstances: that they must be to some extent connected with 
the characteristic properties of the different atoms. Otherwise it might be 
possible to expect a similarity in the behaviour of various materials which 
would far exceed that which is actually observed, considerable as it is. 

An excuse for the manifold variety of Nature would be lost. 

As matters stand therefore we are aware that there is some highly 
important condition affecting the properties of the solid over and above 
the regular arrangement revealed by X-ray analysis. This condition 
has been the subject of much intensive research: which has tried in the 
first place to distinguish those properties which are sensitive to this un-'^ 
known condition from those that are not; which has attempted to deter- 
mine the nature of the condition, weighing the chances of its being 
accidental against the possibility of its dependence on atomic properties: 
which has therefore examined on the one hand with much success the''"^^ 
consequences of its consisting in the presence of flaws in the crystalline 
structure and on the other hand has sought to find direct evidence of a"**) 
crystalline superstructure by calculation and experimental investigation. 
There is. as yet no general agreement. In some directions definite pro- 
gress has been made, yet it may be that we are only at the beginning of the 
search for a solution. We are fortunate in that we can now listen to those 
who have done so much to obtain the material for that solution, and to 
draw the proper deductions from what has been observed. 

A second most important research on phenomena of the Solid Slate is 
discussed in the papers of Dr Huckel and Dr I hind w ho also are here 
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fortunately to speak of their work. This is a more mathematical investiga- 
tion. As the details of atomic and molecular structure become clearer, 
more opportunity is provided for the application of mathematical 
|( analysis, particularly in its most recent and most powerful forms. Hiickel 
and Hund have taken a prominent part in this development, and their 
papers are a valuable summary'' of the progress that has been made. I 
cannot attempt in this case any preliminary account of this progress, but 
must leave our visitors to speak for themselves. 

The measured dimensions of crystalline structure must serve, if not 
always as a starting point, at least as a check upon the results of mathe- 
matical analysis. They are more useful, the more accurate they are. It is 
surely ver\’ remarkable that in the case of the co-ordinate binding of 
organic compounds, the centre-to-centre distances of the atoms should 
be so invariable . A short table by Dr J. M. Robertson gives the results of 
some of the most accurate measurements that we have, their accuracy 
depending on the application of Fourier analysis to careful measurements 
of the absolute intensities of crvstal reflection. 

I hope that I have done justice in this short introduction to the great 
importance and interest of those phenomena of the Solid State which are 
under discussion at this Conference, and I will not longer stand in the 
way of those who will describe the researches which they have themselves 
conducted, and will explain to us their significance. 


THE STRUCTURE OF MOLECULES AND OF 

THE IDEAL LATTICE 
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AROMATIC AND UNSATURATED MOLECULES 

CONTRIBUTIONS TO THE PROBLEM OF THEIR 

CONSTITUTION AND PROPERTIES 

By ERICH HUCKEL 

Stuttgart 

ABSTRACT. The problems dealt with in this paper arose out of the attempt by the 
author, some years ago, to give a q uantu m-theore tical basis to the hypothesis that valency 
forces in a molecule have a definite direction , and U) give a quantum-theoretical inter- 
pretation of the binding conditions peculiar to aromatic compounds. 

In these cases, the classical theory of valency fails, as is shown for example by the 
insufficiency of the Kekule scheme. Again, the peculiar behaviour of the substituted 
benzenes in chemical reactions shows that the influence of a substituted group extends 
through the whole of the molecule. 

quantum-mechanical treatment would first calculate the “motion” of the electrons, 
assuming the nuclei fixed, and then find the equilibrium positions of the latter in the 
combined field of force. It is, as a rule, both unnecessary and impracticable to carry out 
the full calculations for aromatic and unsaturated compounds. Indeed, it usually suffices 
to investigate the motion only of t he 7r-electrons (which have anti-symmetrical eigen- 
functions with respect to the plane of the molecule) in the framework of the nuclei and 
the single bond (a -) electrons. 

The coupling between the 7T-electrons can be calculated by either of two methods. ^ 
Method I is essentially the well-known one of Heitler and London. Thus this method 
approximates to the molecular eigenfunctions solely through a given eigenfunction of 
the separated atoms. 

Reasons are given why method I is not applicable to problems of the nature of those 
studied in this paper. In particular, it is shown that results calculated by Pauling and 
his collaborators for the energy contents of the different compounds are in disagreement 
with experiment. 

Method II goes back to Lennard-Jones, Hund and Mulliken. It assigns to each ^ 
electFonTi^ self-consistent field an eigenfunction which extends throughout the whole 
molecule. This eigenfunction represents modulated wave s. In this method it is lound 
for example that ^ the bonds in the benzene molecule are equivalent the conception of 
single and double bonds having lost its meaning. 'Phe characteristic parameter in this 
method is the resonance integral p. 'Phe latter is not independently calculated, but its 
value deduced from the energy contents of a number of different compotinds. 

The energy contents of a number of aromatic and unsaturated compounds calculated 
in this way show on the whole good agreement with experiment. 

The oroblem of free radicles (certain groups with “trivalent” carbon atoms, which 
can exist in solution) Ts nexUIiscussed. It is evident that the energy of dissociation of the 
dimer of such a radicle must be less than that due to the breakage of a normal C -C 
linkage. Nevertheless, it is suggested that the bond does not differ materially in structure 
from an ordinary one. 'Phe small energy of dissociation is due to a gain in resonance 
energy in the aromatic and unsaturated substituents on dissociation. 
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The same cause which explains the smallness of the work of dissociation of two 
aromatic-substituted carbon atoms, also accounts for the smallness of the heat of trans- 
formation of diamond into graphite. 

In the final section, the peculiar position of the rings containing six 7 r-electrons is 
considered. Some connexions between constitution and chemical properties are discussed. 


SUMMARY OF CONTENTS 
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§1. INTRODUCTION 

The problem through which I was led some years ago to a theoretical treatment of 
the compounds referred to in the title was one of more general significance. It was 
concerned with the question of whether the dominating hypothesis of organic 
chemistry — that the forces of valency are directed — could be given a meaning in 
quantum theory . It appeared at first as if the quantum theory of valency as de- 
veloped at that time, particularly by Heitler and London'*', left no room for such 
directivity, and this problem was receiving little attention from physicists. I 
therefore searched for a quantum theoretical foundation in a simple case in which 
there is no doubt about this directivity. The example concerned the stability of 
cis- and trans-substituted ethylene against rotation round the C=C double bondf . 
This can not arise from forces of a classical nature between the substituted groups 
but must depend on features of the structure of the double bond, amenable to 
treatment only by quantum theory^ By utilizing a method developed by Lennard- 
JonesJ for diatomic molecules, and, in particular, his treatment of the oxygen 
molecule O.2, an explanation of this stability was arrived at§. In ethylene, the pair of 
electrons which corresponds to the second valency bond has a positional eigenfunction 
whose nodal plane coincides with that of the molecule, and which is symmetrical in 
relation to the two carbon atoms (77-linkage of Hund||). The corresponding charge 

* \V. Heitler and F. LondonT^^./. Phys. 44 , 455 (1927). F. London, ibid. 46 , 455 (1928); 50 , 
24 (1928). 

t E. Huckel, Z. /. Phys. 60 , 423 (1930). 

t J. E. Lennard-Jones, Trans. Far. Soc. 25 , 668 (1929). 

§ I he electronic structure of ethylene has been recently treated by essentially the same method 
by R. Mulliken (Phys. Rex\ 41 , 751 (1932); 43 , 279 (1933)). Also, by another method, by L. Pauling 
(Journ. Amer. Chem. Soc. 53 , 1367 (1931)). See further G. Penney, Proc. Roy. Soc. A, 144 , 333 (1934); 
Proc. Phys. Soc. 46 , 333 (1934). 

ii F. Ilund, Z.f. Phys. 73 , i (1931); 73 , 565 (1932). 
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distribution stabilizes the plane arrangement of the atoms. On the other hand the 
eigenfuncUon of the remaining electron-pair concerned in the double bond is 
nearly axially symmetrical about the C-- C-axis and has no stabilizing effect 
(a-linkage of Hund*). 

Another problem through which I was led to a further research on the linkages 
referred to, was that of the special ** aromatic * * properties of benzene and related 
compounds ■f. This appeared to be connected with the failure of the classical system 
of valency in these cases, evidenced by the insufficiency of the Kekule scheme 
and the many, all more or less unsatisfactory', attempts to establish other valency 
schemes for the aromatic compounds. Further, there was the peculiar behaviour 
of the s ubstituted benzene s in chemical reactions J. This behaviour proves that the 
influence of a substituted group extends through the whole of the molecule, 
and indeed in a unique manner which is unknown in the saturated compounds, 
(“ Induced alternating polarities ^.**) 

In the course of these investigations the electronic structures of a number of 
aromatic and unsaturated substances were treated ||. In particular an explanation 
could be given of the stability of aromatically and unsaturatedly substituted radicles ^ . 
Further, it was found possible to bring some of the chemical properties into line 
with the electronic structures. 


§2. GENER.\L QUESTIONS REL.\TING TO THE QU.\NTUM THEORY 

OF AROMATIC AND UNSATURATED COMPOUNDS 

The quantum-theoretical treatment of molecular structure makes use of the 
fact that the velocity o f motion of the nuclei is small compared with that of the 
electrons**. One thus proceeds by investigating the electronic structure in terms of 
the positions of the nuclei, the motion of the nuclei being then treated as taking place 
in a potential field arising from the system of electrons and nuclei. In the case of 
polyatomic molecules it is in practice impossible to cariy' through this treatment in 
complete generality. However, it is usually sufficient to investigate the electronic 
structur e for such equilibrium configurations of the nuclei as are known to be stable 
from chemical experience or through the use of physical methods (interference 
of Rontgen rays or electrons, and spectra). I’lie treatment may be considerably 
simplified if the arrangement of the nuclei has some symmetrical teatures. 

For the rest, as regards the unsaturated and aromatic compounds, it is quite un- 
necessary to cariy' out a complete treatment of the electronic structure, it intorma- 
tion is only desired on special features of these compounds. As a rule, tiiough not 

* F. Hund, Z.f. Phvs. 73 . i (iqm).' 73 . 

t E. Huckel, Z.f. Phys. 70 . 204 (193O. 

j Chiefly known from the investigations ot A. F. Hollemann, Rcc . I rax'. (. hufi. 1899-1 009. 

§ D. Vorlander, particularly Pcf. /)f. C'lu ni. CJes. 52 . 263 (1910) ; 58 , 1S93 {i<;25). A. I.apworth, 
y. Chem. Soc. London, 121,416 (1922). \V. f). Kerniak and K. Robinson, ihid. 121 . 427 (1922). 
E. Huckel, Z.f. Phvs. 72 . 310 (1931). 

II E. Huckel, Z.'f. Phvs. 72 , 310 (19.M); 76 . 62S (19.1-:^ 
q E. Huckel, Z.f. Phys. 83 , 632 (i 933 )- 

•* M. Bom and R. Oppenheimer, Ann. d. Phys. 84 , 457 (1927). 
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m every case*, it is possible to consider separately those electrons which correspond 
to 07i€ of the two valency bonds comprising a double bond. This results from the 
following considerations : in the first place it is indicated by chemical experience, and 
on theoretical grounds it is plausiblef, that these electrons are considerably mors 
loosely bound than are those which are to be assigned to single bonds and to the 
first bond o f a double bond fcr-electrons) . In the second place, to these electrons 
are assigned eigenfunctions which, in the case of the plane arrangement usual for 
unsaturated and aromatic linkages, have a sym pretry diff a r ^t from that of the 
a-electrons. The latter are in fact symmetrical, and the former anti-symmetrical 
in relation to the plane of the nuclei. We call the electrons with anti-syrnmemcal 
eigenfunctions. 77-electrons. The first consideration indicates that a variation m the 
configuration of the 7T-electrons as a result of Coulomb forces and polarization, will 
have small effect on that of the a-electrons ; and the second shows that the resonance 
action between the two classes of electrons vanishes J. It is therefore usually 
sufficient to*deal exclusively with the 77-electrons — only such cases have so far been 
dealt with. We thus investigate the distribution of these electrons in the “frame- 
work” of the molecule, which may be considered as consisting of the nuclei and 

a fixed distribution of charge due to the a-electrons. 

According to c hemica l evidence the molecule of benz^e ge is plailf and has a 
s ix-fold symmetr y. This is at least not in conflict with the results of X-ray and 
electron-ray analysis §. On this account we consider the 77-electrons as being in a 
framework with this kind of symmetry. Each carbon atom provides three electrons 
in the L-level for the three single valency bonds which radiate from it, so that, 
together with the electrons in the hydrogen atoms, an electron-paLr can be assigned 
to each single bond. We shall not discuss fully here the way in which this arrange- 
ment is to be described according to wave mechanics. The essential points are that 
these electrons form a complete system in the sense of Pauli s principle, and that 
they have eigenfunction s which are symmetrical with respect to the plane of the 
ring. Each carbon atom still has one remaining L-electron, whose eigenfunction 
has a node in the plane of the ring, and which we name a 7 r-electron. Figure i 
shows qualitatively the charge distribution which is associated with such a 77- 
electron (arbitrary units). 

We have now to consider the coupling between these 77-electrons. I have 
already carried out this investigation in my first paper concerning the benzene 
molecule, using two methodsH: 

* As an example of a system of atoms in which this is not the case we may consider the radicle 
(0,1-15)3 C — C(CcH 5)2, in which, for the accepted space arrangement of the atoms, a resonance 
action is possible, for reasons of symmetry, between the a-electrons in the tetravalent carbon atom 
and the Tr-electrons of the remaining carbon atoms. This is probably connected with the marked 
stability of this radicle. 

t K. Hund, Z./. Phys. 73 , 1, 457 (1931); 73 , 565 (1931). X Cf. note *, above. 

§ In the interpretation of the Raman spectrum of benzene, however, the acceptance of this kind 
of symmetry leads to difficulties. (G. Placzek, Letpziger Vortrage, Hirzel, 1931, p. 100.) Since there 
is no evidence for any other definite structure, we thus adhere to the plane arrangement and six-fold 
symmetry. 

li Both methods were previously employed by Bloch for the treatment of the forces between 
electrons in crystal lattices. F. Bloch, Z. /. Phys. 52 , 555 (1928); 61 , 206 (1930). 
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§3. METHOD I 


The first method was carried through following a mathematical treatment of 
Slater*. Paulingf has since used an essentially simpler mathematical procedure, 
which goes back to Weyl and Rumer J, for calculating the states of least resultant 
total spin 5 (in this case ^ = o) to which the fundamental state always belongs. This 



Nodal plant* 



Plane of the nuclei 


Figure i. Curves of constant charge densin- in a plane through a C-nucleus, 

perpendicular to the plane of the nuclei. 

method, however, differs from the earlier one only in the mathematical treatment, 
and thus leads to the same results. Method I commences, as regards the coupling 
referred to above, by assigning to each carbon. ^ atgrii a_ 7 r-electron which is in a 
given state with the positional eigenfunction </>„ ( 0 _ (the suffixes indicating the /th 
electron in the atom a). The total positional eigenfunction , taking coupling into 
account, is written as a linear combination of the products (r,j) ... (/),j (r,,.), and, 
starting from this, the H eitlcr-Lon don pe rturbation me th.od is worked out (to the 
first approximation). Of course, only such linear combinations are considered 
as satisfy the Pauli principle when the spin is allowed for. (Coupling between 
spin and orbit, as well as between the spins themselves, is neglected.) 'I’he Kumer- 
Pauling method now proceeds by selectin g from these linear c onibinatj ons those 
which correspond to the smalles t value of the total spjn (in this case y o). and 
choosing from these, in a certain way. tlie ones whicli are linearly independent. 
These functions which belong to the value 5 o, can be associated with models 

• F. C. Slater, Phys. Rev. 34, 1293 (1929); 35, 51 i (1930). , . , , , . 

+ L. Pauling. J. CV/t-m. F/iys- b (»933)- b. Paulin- and t,. W . W hcl.uul, 1. 362 {i933>- 

X H. Weyl. Nadir, der Ges. der li'iss., M.-P/i. Klosu^ p. 2X5 (1030): p. 31 (1931'. (». Kumcr. 
ibid. p. 337 (1932). G. Rumer, E. Teller and H. Weyl, ihid. p. 499 (i93-)- 
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of the valency pattern (of the 7r-electrons) in which the atoms are joined in pairs by 
single bonds, one and only one bond radiating from each atom in such a way that 
the bonds do not cross one another*. The schemes of valencies corresponding to 
the functions so chosen are called by Pauling “ canpnisUnimires The problem 
of sec ular perturbati ons corresponding to these functions may be formulated an 
solved by a method due to Rumer and Pauling for the case where attention is con- 
fined to coupling between adjaeenLatoms. In the case of b^pzene there are ve 
canonical structures with corresponding “canonical functions”: 



A and B correspond to the Kekulejorms, ( 
other structure, for example that of Claus 





, D and E to the De\varfonns. To e^^ 





there is a corresponding li near combinatio n of the canonical functions, 

<^Claus = <l>.l ~ 4" a ~ ['f>C + 4' D + 4e]- 

The canonical functions are not “eigenfunctions”; in other words, they do not 
represent states of definite energy. In fact, to the states of definite energy there 
correspond linear combinations of the canonical functions which, with the corre- 
sponding eigenvalues, are determined from the perturbation problem. Denoting by 
J„ the C oulomb integral and by J (J < o) the exchangejntegral of the theory of 
Heitler and London, each for the 77-electrons of two adjacent atoms, then the 
solution of the perturbation problem gives foijhe^oupling energy and the eigen- 
function of the 77-electrons in the-gfoufid stat^f benzene the expressions 

+ i)/=67„ + 2-6o55/; 

'S. 

and ^^0-62435 (<f>A - 0*27101 { 4 >g + (I>e)- 

Thus, in the sense of the method of approximation employed, the ground state 
may he considered as resulting from the superposition of the two Kekule and the 
three Dewar forms. The ground state possesses six-fold symmetry, in agreement 


with chemical evidence. 

For illustr^on, the total coupling energy of the ground state may be split up. 
For a Kekule system by itself the “exchange energy” (e.e.) would have the value 
J and for a Dewar system the value o. The difference between the actual e.e. and 
that for a Kekule system alone( 1-1055/) may bereferred to as the “ resonance energy” 


* In general crossing cannot take place if the atoms — independently of their actual configuration 
in space — are regarded as being arranged on a circle. 
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(r.e.) of the structure (taken in relation to a Kekule system). This again may be 
regarded as split up into a reciprocal r.e. of the two Kekule structures and a 
remainder (the first fraction has the value 0*9/ and the second 0-20557). 

P aulin g and his co-workers* have applied method I to a whole series of aromatic 
and unsaturated compounds, and, among other applications, have employed it for 
treating free radicles with aromatic s ubstituen ts for whose stability they gave an 
explanation. They have further discussed the connexion between the results and 
the energy content of the substances. In contrast to this I considered as early as my 
first work on benzene, that I had been able to show that method I was unsuitable 
for handling the coupling of the 7 r-electrons, since it appeared that this method leads 
to results, which are not in agreement with experiment. 

Method I confines itself to the first approximation of the Heitler-London theory. 
Thus in the first place the objections which may be brought against the application 
of the method from a purely theoretical standpoint, are the same as may be raised 
generally against the applicability of this approximation. The method approximates 
to the eigenfunctions in the molecule solely through a given eigenfunction of the 
separate atoms, while in reality, the eigenfunctions of the higher states of the 
separate atoms are more or less i nvolved in the molecular functions. This may also 
be expressed as a neglect of the capacity for polariz ation which must be taken into 
account in the next approximation of the Heitler-London theory. Also , no attention 
is given to the possibility that in a single atom there may be t\yp_electrpnsjii_tlie 
same state (“polar states “ of Slater). It is very difficult to estimate in a given case 
to what extent the quantitative results will be affected by the neglect of these 
considerations. On the other hand the principal advantage of method I is that its 
formal scheme goes far to provide a picture of the arrangement of the valencies 
and shows how the cl assical schem e of valencies, which fails here, may be e. ^tende tl 
so that a state may be considered as arising from the supeipiisitioxuoLditfcrent 
valency patterns. However, this advantage is naturally not sufficient if the 
quantitati\7 results cannot be brought into agreement with experience, whereas as 
we shall see this will be the case for the results of method 11. 'I’he failure ot 
method I is shown b y the following considerations: 

(1) Method I leads to results for the e nergy conte nt of aroinatic and unsaturated 
compounds which are not in agreement witlt experiment. (This is established here 

for the first time.) 

(2) It fails to indicate the disti nctive nature of rings witlt six 77-electrons. 

(3) For substituted benzenes, there follows from it a disturbance of the charge 
distribution in the molecule, resulting from the substitutions which cannotbebrought 
into^corr^pondence with the reactive properties of the suhsHtuted benzene. 

We shall consider below t he evidenc e on which these assertions are based. 

Concerning i. Method 1 always gives a smaller absolute value lor the e.e. per 
77-electron in conjugated and aromatic systems, i.e. a smaller binding energy (larger 

• L. Pauling and G. W. Wheland. 7- Chem. Fhys. 1. .U.2 (m.G). b- PauHng and J . Shennan, 
ibid. 1,606 (1933); 1, 679 (1933)- ^dded in proot : Sl-u also Wheland. thid. I, 4.4 (1934). 

J. Sherman, ibid. 2, 488 (1934)-] 


cf 
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energy content), than in an isolated double bond. In contradistinction to this it is 
known that the binding energy is always greater (i.e. the energy content is smaller) 
for conjugated and aromatic systems than the value which would be calculated from 
the isolated double bonds. For example, the e.e. of benzene according to method I 
is 2-60557, and the e.e. for three isolated double bonds amounts to 3/. Thus 
according to this benzene would have a smaller binding energy than would be 
associated with three isolated double bonds. The observed binding energy is, 
however, greater, Pauling and Sherman give the energy content (negative binding 
energy) zs E = - 58-20 e.V. (observed) and £■' = - 56-58 e.V. (estimated for three 
separate double bonds)*. Nevertheless these authors come to the conclusion that 
the result of method I is in agreement with experiment. This claim, however, is 
based on an erroneous method of calculation. The authors in fact se^he difference 
E — E' equal to the resonance energy referred to a Kekule structure: 

E — E' = — 1-62 e.V. = 1-10557, 

and so obtain J = — 1-5 e.V. It is not, however, permissible to set these two 
quantities equal to one another. For E' is calculated with the binding constant of 
an isolated double bond; £' = 3.(C— C) + 3.(C=C) + 6.(C— H), and three 
isolated double bonds have the value 37 for the e.e. In contradistinction to this the 
Kekule structure, to which the r.e. refers, has an e.e. equal only to # J. 

Denoting by E' and E the c alculated and o bserved energy contents (negative 
binding energies) respectively we may write 

E' = E,^ 37, 

E = Eq^ y H- 1-10557, 

where Eq has the same value in both equations and denotes the energy content apart 
from the exchange energy, since, of course, E' and E should only differ from each 
other as a result of the different value of the e.e. for three isolated double bonds and 
for the benzene structure respectively. (Pauling and Sherman’s argument implies 
the incorrect statement E' = Eq §7.) Then follows 

E~ E'=^~ 162 e.V. = (1-1055 - 1 ) 7 , 

so that 7 > o (repulsion instead of attraction !) and not as according to Pauling 
and Sherman 

E ~ E' ~ 1*62 e.V. = 1*10557. 

In a similar w ay all thecalculationsof Pauling andSherman are in error-j-, wherever 

the differences between the values E' calculated from the binding constants and 

the actual values E have been identified with the resonance energies deduced from 
quantum theory. 


The results of method I are therefore not in agreement with experiment as regards 

* These binding energies, unlike thos/usu^v adopted, are referred to a Jrv*,. /- 

ato.ns whfch are in a state f e.V. higher than the nomTal. instead ofto the 

hv assumed that separation resulted in C-atoms in the "S state, and that this 

!a> I e.\ . abo\e the ground state. Although we now know that the Htfer ic 
use the values given above, since only their differences occur here nnd rhe ^ j ^ 

which state of the free C-atom is used a^ standard for the binding enemies t r e V = T, 

2. 4L''(rw4f "’heland, /.hiem nys'. 



Aromatic and unsaturated molecules ij 

the energy content. But it is worthy of note that for various compounds the differences 
between the resonance energies calculated by Pauling and Sherman for the different 

compounds in general coincide quite well with the differences in the values of 
E~ E' calculated by their method. 

Concernijig 2. Method I is unable to explain why rings containing six 7r-eIectrons 
possess a re jn ^ ^ably Stabk configuration of electrons; nor why although the five- 
ring enters as an ion into such combinations as [C5HJ-K+, yet no compounds such 
as [C7H7] K+ are known. Further, why h etero-cvclic r ings with five atoms, such as 
pyrole (CH)4NH, to which six 7 r-electrons must be attributed, are f airly simila r in 
their chemical properties tq_ the a romatic compounds. That the symmetrical 
arrangement of the valencies at angles of 120° cannot be entirely responsible for 
this, but rather that it depends on the number, six, of the 7r-electrons, is shown most 
clearly by the existence of metallic compounds of [C5H5]~ and the non-existence of 
such compounds of [C7H7]-*. For the five-ring itself, method I leads to a 

very small e.e. : i‘2^6ojJ. The seven-ring has not been calculated. The ions are not 
amenable to treatment by this method. 

Concernmg 3, In the case of reactions with substituted benzenes (for example, 
the nitration of toluene) it is known that the different possible r eaction product s 
(o-, ///-, /)-nitrotoluene, CeH^CHaNO.,) are n^t produced t o the same exten t (a 
directive action of the substituent). The differences of the heats of activation O 
for the example mentioned are, in k. cal. mol. ; 

Qo - 135, 0,„ - Go - 1490, G,„ - O,, = 1625, 

while the activity constants A are approximately equalj". I'he principal products are 
then the o- and and only t o a small extent the w-compound . If instead of the 
‘negative’' substituent CH3 we have a “positive” one, for example COOH, the 
relations are reversed. In the nitration of b enzoic acid , for instance, 0,„ - _ 800 

and Qp is so large that the ^-compound is usually not produced in a measurable 
quantity. This shows that the different heats of activation are dQteiinincd_by the 
character of the subs tituted grou p, the influence of which extends through tiie 
whole molecule (“induced polarities”). Since this kind of action is not known in 
the case of unsaturated compound s, the different li eats of activation for the o-, ///- 
and /)-compounds must be dete rmined by the d isturbanc e ot tlie configuration of 
the TT-electrons by the substituent. 'I'he relative magnitudes of the alterations in the 
charge density of these electrons in the o-, m- and /)-atoms can be calculated from 
the electronic structure of the ground state and the excited states of the 77-eIectrons. 
In this way from the states determined by method I, we obtain modifications of the 
charge distribution which are equal in the o- and ;//- and less in the /)-form. Ac- 
cording to method II, on the other hand, ’we obtain ratios for these disturbances 
which are in step with the heats of activation of the difi'ercnt forms. The reason is, 

* As regards the significance ot the number 6 ot ‘ double bond (-) electrons” in the s-rinuN.sec the 
discussion by \V. Hiickel, Theuretische Grundla;^en <h-r orj^anisvlu u Clu ini,-, 2 ru] cilitioii, 1, ct se(|. 
(* 934 )- 

t A and Q are defined by the formula of .-Xrrhenius K . h ~0 for the con>t.int ATot the rc.ic iion 
velocity. 
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that i n method I only some of the excited states are obtained, while the polar 
state s of Slater are n^Lcoasidcred, 

§4. METHOD II 

In method II (which Mulliken calls the method of “ molecular or bit ah *’) to each 
electron is assigned an eigenfunction which extends t hrough t he whole of the 
molecule. These, and the associated eigenvalues are to be conceived as in a “self- 
consistent’^ (Hartree) field which arises from the charge of the nuclei and the 
statistical charge distribution of all the electrons apart from the one directly under 
consideration. In this case also, the Tr-electCQQS may be considered separ^ly, 
since in the different compounds, the c harge distribution of the other electrons in 
a carbon atom and the distances of separation of the nuclei are treated as i ndep entot 
of the coupling of the 7 r-electrons to the first approximation. The method proceeds 
by first taking the Hartree field as being independent of the state in which a single 
electron is considered to be. This Hartree field may be represented as asuperposition 
of the Hartree fields 1/ associated with the individual atoms 


r(r) = S l'/(r-R/) 
/ 


(I) 


(/ is a number identifying the particular atom, r the pbsffion vector of an electron 
and R, that of the/th C-nucleus). 

At the same time K/ is taken to have the same value for^l the atoms*. 
Denoting then by the eigenfunction corresponding to the lowest eigenvalue 
of a --electron in the field H/, the eigenvalues and eigenfuncti^s in the field V 


are written as 


The AH and the corresponding set ofcoefficients are then detei;mined 

from a problem of secular perturbations. K^he coupling between ad j a c ent atpms 
only is considered, and if the n on-orthogonali tV\of the eigenfunctions of adjacei^ 
atoms is neglected , AIF*^^ always has the form 

+ b.p \ ( 3 )- 

Here a is the “Coulomb integral” 

V, ^ l\) dr > ^ (3«), 

and /3 is the “resonance integral” / 

l\)dr:>o { 3 b) 

(i and 2 being adjacent atoms); 6 is a numerical factor. The function^<^‘’ repre- 
sent modulated waves. The course of these functions along the chain of carbon 
atoms^s” shown qualitatively in figure 2 , for the isolated double bond and the 
systems as involved in 

CH.,— CH— CH.„ CH2=-CH— CH^CH,. 


,( 2 ). 


* The values of I'j could also, of course, be considered as being different; for example we should 
strictly distinguish between I j. for such carbon atoms as have three other carbon atoms adjacent 
to them, and for those having two or only one (as, for example, in naphthalene or at the ends of a 
chain). 
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(The functions have opposite values above and below the plane of the molecule.) We 
always obtain as many states as there are C-atoms present. States in which b<o 
are binding, while those with A o are loosening owing to the resonance. The 
ground state is arrived at by filling up the in order of inc reasing e nergy , 

so that each state is not occupied more than twice. The total energy of coupling 
is equal, in the sense of Hartree’s method, to the sum of the coupling energies for 
the occupied states. 

In this connexion, states with negatu^e values of ^contribute to binding and 
states with positive values of to a loosening of the atoms. A state which has no 
nodes between two atoms leads to an attraction while one which has a node there 
leads to a repulsion between the two atoms. In c onjugated system s the bonds 
cannot be localized or can only be partially localized. So for example in the ground 
state of butadiene two of the occupied states link all four carbon atoms. The two 
other states link the outermost atoms Ci, C2and Q, C, , but loosen C2, C,. Corre- 
sponding to this the central binding is weaker, but is nevertheless not an ordinary 
single bond. Since -the charge density of the 7T-electrons is relatively small there, 
this linkage will be less stable against rotation than a double bond. 'Fhis applies in a 
corresponding way to the binding between the central carbon atoms in diphenyl . 
The result is in agreement with chemical evidence, according to which there is no 
rigiditv against rotation between the atoms C., and C3. Nevertheless we have to admit 
that for these linkages also the plane arrangement is the most stable. (It may be, 
however, that a non-plane arrangement is forced to be stable by voluminous sub- 
stituted groups; compare for instance the o- and o'-derivatives of diphenyl.) It is 
especially i n benzen e that a]]_the bonds arc e quival ent. The representation with 
double and single bonds loses its meaning in this case. 

In figure 2 the r esonance energies are also shown. 'Fhe Coulomb action is 
always proportional to the number of carbon atoms. In the figure denotes 

a state which can be occupied twice (not degenerate), | | such a state doubly 
occupied, and — j-* — such a state singly occupied. 'Fhe point • indicates the mean 
resonance energy per 7r-electron. (Term centre for the occupied states.) 

In criticisHL of method II the following is worthy of note. 'Fhe method appears 
at first to negig ct the exc hange actio n between the electrons, and in fact the I lartree 
method as normally used also has this feature. It may be shown, liowever, tliat 
for the ground state, where either all the occupied states are occupied in pairs, or 
all in pairs except one, the exchange is largely taken into account if l^y the expression 
^{v - Ry) in (i) we understand the following sum*; 

I'r - r/ ^ U'; (4)> 




* The method of proof of the theorem used here corresponds to the treatment uiven by I’ocl< 
(V. Fock, Z./. P/iys. 61, 126 (1930), T. Koopmanns, Physica, 1, 104 (1934b. 1-ock’s eciu.itions may 

be written (in Hartree units) 




/. 


I 

r r 
I 


A 


where<7denotesx,.v, 2 and the spin components a, in a ttiven direction. ( , ^ ) arc the matrix 
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where V/^ is the potential which arises from the nucleus and the ^-electrons of the 
/th atom; Vf is the potential arising from the charge distribution itself: 






and is the lowest eigenvalue of the eigenfunctions belonging to the Schrodinger 
equation 

|a + ~[W-V,(v- R,)] I 4 ., (r - R,) = o (46). 

In order that the exchange may be largely allowed for it is always essential that the 
i nfluence of Uy on the resonance enerev should be small compared with that of 
r/o). It is then also permissible to regard the Hartree field S, Vf as being approxi- 
mately the same for all the x^^>-states. This hypothesis may be realized. We may 
also further assume for molecules with a larger number of 7r-electrons that in 
cases where only two states are not doubly occupied, the exchange is sufficiently 
accounted for by ( 4 ). 

Method II, in contrast to I, takes account of the polar state_s . It is, however, not 
correct to say, without further proof, that the method gives far too great consideration 
to these states. This would only be correct without doubt if the eigenfunctions 
in the field (and not in Vf) were used for the approximation, with simultaneous 
neglect of the exchange. After all it cannot be stated without further examination 
how large are t he errors which arise from the fact that only linear combinations of 
functions of the form {^h) • • • permitted as solutions of the complete 

Schrodinger equation. 

If we give preference to method II over method I, notwithstanding the un- 
certainties from the theoretical standpoint as to how far the two methods represent 
an approximation to the truth, the reason is that it has been shown that method II 
represents largely the facts of experiment, and particularly in cases where method I 
has been proved to be inadequate. We grant that this state of affairs is unsatisj 
facton^ from a purely theoretical standpoint. Considering, however, the great 
difficulties which present themselves in a quantitative estimation of the limits of 
accuracy, it appears scarcely possible to renounce the heuristi c point of view. 


elements of , in the system of the (<?)* *T'he summation extends over all the occupied 

1 r - r 1 

states. Finally, we have H {r) (r — R^). From this and from the equation 

2 / 

(r) = S (r - R^) 

% 

the result given above follows if the terms which involve the products are 

neglected as being small compared with the terms involving If neglect of these terms is to be 

permissible it is essential that the influence of U7 on the resonance action shall be small compared 
with that of Ay®'. 

* Cf. R. S. iVlulliken, Phys. Rev. 41 , 68 et seq. (1932). 
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§5. RESULTS AND DISCUSSION OF METHOD II 

Consequently we confine ourselves below to the results of method II, and to the 
discussion of the conclusions which can be drawn from these results as regards the 
constitution and properties of the compounds dealt with here. 

(fl) Energy contents 

We obtain, in the first place, information on the relative energy contents of 
different aromatic and unsaturated compounds, and indeed (unlike that furnished 
by method I) it is not in qualitative disagreement with experience. Table i gives 
a survey of the r esonance energies as multiples of ^*For a series of compounds. 

It should be noted that in the calculation, the sam^F f has been ascribed to every 
C-atom : for example in naphthalene all the C-aUfms are considered as equivalent. 
Since it is d ifficult to express the deviations the different C-atoms, we have 
hitherto not attempted to take account of th^e differences. 

A part of the data of table i is set out^n figure 3. In this, a black spot • repre- 
sents the mean energy of binding per Tp^ectron in the ground state of the molecule. 
We shall later with the aid of this fiefdre discuss some correlations between electron 4 
structure and properties. 

The resonance integral ^s the characteristic magnitude of the theory. To 
calculate its value theoretically would be exceedingly difficult. On the other hand, 
we can derive its value from the observed energy content of different aromatic 
and unsaturated compounds. Thus from the energy content £*= — 58*20 e. v ., 
and the value E’ ^ - 56-58 e.V. calculated (see p. 16) from the binding constants 
(for three separate double bonds), we have, from the relations 

the equation /3 = — ^ — = o*8i e.V. = 18-7 k. cal. m^. 

However, the calculation of g by means of the binding Constants is not wholly 
free from doubt, since the binding constants contain a certain arbitrariness. T his 
arbitrariness arises mainly because the b inding constants of the C II bond in 
aliphatic, unsaturated and aromatic compounds have been i\ssunied — the — same. 
Elsewhere, I have shown* how the value of ^ can be determined from the heats 
of hydroge nation in the case of benzenes having different heats ot hydrogenation, 
without using the binding constants. 'I’his method of calculation involves only 
the assumption that the structure of the a-bond is not changed by the resonance 
effect of the 7r-electrons, and that the magnitudes a, ^ can be assumed equal for all 
C-atoms with a Tr-electron. It agrees t herefore w ith the assumptions and sunplifi- 
cations (cf. p. 20) underlying the theory. By the method stated, the result lound 
is j8= 15 k. cal./mol. The uncertainty of this value is due to the inaccuracy with 
which the heats of hydrogenation are known. On this account, and since the 
use of the binding constants cannot generally be avoided m this way, exact calcula- 
tion of the energy contents is not possible. Nevertheless using the binding constants 

• E. Huckel, Z./. Phys. 83, O 65 (1033)- 
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Aromatic and unsaturated molecules 


we find on the whole that the energy contents of aromatic and unsaturated agree 
fairly well with the theory, usin^he approximate value j 3 = 20. Table 2 contains a 
short list of some compounds fromyhich this may be seen. If E is the observed and 
E the energy content*, calculated from the binding constants of just so many 
C=C bonds as the molecule contains double bonds, then E' ~ E \s interpreted as 
the difference between the resonancV energy - zzp for separate bonds, and the 

Table 2. energy contents___ — ^ 


1 


where! 

1 

— E, where 

E' is energy 


E IS 

content 

Compounds (formulated 

ohserveH 

calculated 

with double bonds) 

energy 

from 


content 

binding 


k. cal./mol. 

<^nstants 



k. cal./mol. 

/\ 


1 

1 

II Benzene 

1202 

1165 1 

\/^ 





1 1 I, 2 dihydrobenzene 

v 

[| \^* I. 2, 3. 4 tetra- 

1] Jrj hydrobenzene 

\ / 

1306-5 

1 

1 

1 

1298 

1 

1424-5 

*430 1 

H, 


1 




1 1 Cyclohexane 

*547 

1562 

HA/H, 


\ 

\ 

\ 

1 11 1 Naphthalene 

1904 

1828 1 

\A/ 


i 

/\/\/\ 


1 

1 Anthracene 

2595 

2490 

' \^\/\/ 


^ ^ ^ ^ Diphenyl 

2305 

2217 

^ y— CH==CH— 

2701 

2606 

Stilbene 


1 


E' ~E 

cal./mol. 

1 

theoretical 

4 

xp for 

P= 15 

k. cal./mol. 

i 

j 

1 

xp for 

P = 20 
k. cal./mol. 



E’-E 

X ^ 

k. cal./mol. 

1 

i 

37 

2 iS 

1 

30 

40 

1 

1 

I 

1 

18-7 

j 

8-5 

0-48^ ' 

6-7 

1 

9-6 

1 

1 

17-7 

5'5 i 

1 

Op 

1 
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0 


*5 

op 

1 1 

0 

1 

1 

0 

1 

1 

— 

76 

1 

3-68^ 

1 

55 ! 

1 

1 

74 

' 20*6 

105 

5-314^ 

80 1 

106 

19-7 

88 

' 4-383^ 

1 

1 

66 

1 

1 

1 

88 

1 

20 

1 

95 

I 

1 

1 

4-878^ , 

1 

, 73 

1 

97 

1 

1 

1 

• 9-5 i 


The values of the binding constants used (from Pauliny and Sherman, calculated for the C-atoni ^ 
in the gr^nd state) are (C — H) = 93’9» (C — C) — iz t and (C— C) — 128 3. 


true resonance energy. If this is o it means that the resonance effect gives a 
smaller energy content than has been calculated tor the corresponding number of 
separate double bonds. It is obtained theoretically from the results given in table i 
as a multiple of viz. xp. 

• In part these have been taken from the work of Paulinti and his collaborators, but they are 
calculated here for the C-atom in the normal state. (Cf.p. lO, tn.) 1 lore therefore A is as many electron 
volts less than Pauling’s figures as there are C-atoms in the molecule, and the binding const.ints are 
less by i for C — H, by A for C--C and by i e.\ . tor C C . 
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E. Huckel 

It will be seen that in contrast to the results of method l,E'-E always comes out 
> o, in harmony with obser\^ation. In table 2 the values of are given, which are 
obtained with j8 = 15 or 20 k. cal./mol. respectively. The last two columns show that 
the values of {£' - E) are closely proportional to x, and that with 20, we obtain 
satisfac tory-calculated values of E - E and therefore of the actual energy content E. 
Naturally it is to be noted that the calculation by means of the binding constants 
entailssome uncertainty (see for example cyclohexane, where F - £ = 15 k. cal./mol, 
whilst E' -E should be zero). On the whole we can, however, conclude that 
method II gives results for the energy content which agree with the observations 
as well as can be expected from the basis underlying the calculations. 

(b) Free radicles 

In general free radicles with “ trivalent^’ C are not stable substances even if their 
individual molecules represent stable atomic arrangements. The reason for this is 
that by coalescence of two such radicle molecules, a chemical compound is produced 
which is formed with a large gain in free energy. This increase is injmost cases of 
the order of the binding constant of a C — C linkage, and is therefore about 
70 k. cal./mol. 

There are, however (i n solutions ), c ertain radicle s with “trivalent” C, which 
exist as stable substances or in a measurable dissociation equilibrium with their 
dimers. In every case where this is known, aromatic or unsaturated substituents are 
attached t o the “trivalent” C-atom. In these radicles, the increase of fr ee ener gy 
i n dissociat ion of the dimers must be m uch small er than for a normal C C 
linkagTlrr fact Ziegler and Ewald* found the heat of dissociation of hexaphenyl- 
ethane into two triphenylmethyls (C6H5):t C — C (C6H5)3 2C (CgHs)^ to be about 
10 to 12 k. cal./mol. in different solvents. As opposed to this, the heat of activation 
f or the decomposition , which proceeds as a monomolecular reaction, amounts to 
about 19 k. cal./mol. (at temperatures about 0° C.), and is therefore greater 

The equilibrium degree of dissociation depends for different compounds on 
the aromatic or unsaturated substituents , and indeed the rule holds in general 
that the more bulky the substituent, the further to the side of the radicle lies the 
equilibrium point|. Measurements of the heat of dissociation for radicles with 
trivalent C other than triphenylmethyl are not available Up to the present. 

Nothing need be said here as to the older attempts to interpret the stability of 
such radicles, which in any case led to contradiction§. (Theory of “valency 
requirements”.) It need only be remarked that as early as 1928, Ingold || gave an 
explanation which was based on mainly the same grounds as our theory, although 
it was not based on quantum theoretical calculations. 

We illustrate the theor)' by the example of h exaphenvlethan e, on the basis of 

* K. Ziecler and L. Ewald, d. Cliem. 473 , 163 (1929). (It is possible that these values are 
too low by a small amount, about i k.cal.) 

+ K. Ziegler, P. Orth and K. Weber, Ann. d. Chem. 504 , 131 (1933). 

X W. Schlenk, T. Weickel and Herzenstem, Liebigs Ann. 372 , i (1910). 

§ On this matter, see e.g. W. Huckel, Theoretische Grundlagen der organischen Chemie. 

il C. K. Ingold, Ami. Rep. Chem. Soc. 25 , i54(i9z8);H. Brixton and C. K. Ingold, Proc. Phil. 
Soc. Leeds, 1, 421 (1929). 
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method II, In contrast to the earlier attempts at explanation, the theory assumes 
that the C — C linkage which unites the two radicles in hexaphenylethane does not 
differ materially in structure from the normal C — C linkage. Rather it assumes that 
the sma l l heat of dissociation is due to the fact that, during the process of separation 
of the radicles, the energy content of the two triphenylmethyls diminishes, so that 
the expenditure of energy necessary for the rupture of the C — C linkage is mainly 
provided by this decrease of energy content. This “gain of energy ” is interpreted* 
by quantum mechanics in the following manner. In hexaphenylethane, the four 
valencies proceeding from each of the middle C-atoms form a regular (or nearly 
regular) tetr ahedral arr angement. The 7 r-electrons of the phenyls attached to these 
two atoms cannot (or can only slightly) take part in the resonance coupling with 
the electrons of these C-atoms, owin^ to the symmetry of the eigenfunctions. 
When, however, the two radicles are sepWated, such a resonance is possible, and it 
is best from the energy point of view, whe\ the radicle is plane. Then the electron 
which originally belonged to the C — C linkage has b^ome a 77-electron, and the 
plane arrangement is stabilized by the 77-ele^ron. Now the absolute value of the 
total resonant coupling in such an atomic arrangement is much greater than it is 
fo r three phenvl rings , whose 77-clectrons are isolated from each other in so far as 
resonance phenomena are concerned. Hence the gain of energy. The fact that the 
heat of activation is greater than the heat of dissociationf can easily be harmonized 

with this conception. ^ 

The increase of resonance energies can he taken from the data given in t^:)le i. 


The total resonance energy of a single (C«H5);iC before the dissociation is equal to that 



of 5577, and with ^ = 20, a gain of 71-76 k. cal. /mol. 'I'his increase is therefore 
in fact of the same order of magnitude as the work of separation of a C— C linkage. 
A quantitatively exact calculation of the energy of dissociation is not possible, since 
the structure of the a-linkages proceeding trom the central C-atom is clianged in 
the dissociation, although the energy cliange concerned in tliese linkages will, it is 
true, be relatively small. On the other hand, the dependence on the substituents 
be deduced with an accuracy corresponding to tliat with which fi is known. 


can 


energy u- j j 

of the C— C linkage in the radicle, due to resonance of the 77-electrons. It .d,. A., 

are these linkage demands for the two radicles into which the molecule splits, llieii 

^ ^ is the total linkage demand of the C— C binding through resonance. 

Table 2(a) contains the values of A, tor a few radicles. I’hey follow trom the 

• E Huckel lecture at the Baden and Wurteniber- meeting ot the 1 )eutseh Bliv mIo ( .es Jan. 

(Based <.n.nc.hnd II.) Nearly M.nuUaneoud> and nule,^ 

L. Paulina and (;. W. Wheland.y, I>hy<. 1. 3^^ (Bv nuthod 1.) 


In general, the amount of energv which is gamed by alteration ot the resonance 
rev on the dissociation of a radicle we shall call the (static!) “ link^e demand “ 


I k c!^ral; w can l>c dehned lo. ,lu- i.ea, of acvatu.n, acc 

E. Huckel, loc. cit. 
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resonance energies given in table i, in the same way as for triphenylmethyl. 
Table 3 {h) contains the values of Ai for some symmetrical aromatically and aromatic- 
aliphatically substituted ethanes. It is seen at once that in the compl^ elx aromatically 

Table 3(fl). Statical linkage demands Ai due to r^ojianeem certain radicles 


1 

Radicle 


Ai in k. cal./mol., 
calculated for 

y 


^=15 

j 3 = 20 

3 aromatic substituents : < 




C (Diph )3 

1-859^ 

27-89 

37*18 

C (Diph)2 Ph 

1-841 ^ 

27-62 

36-82 

C (Diph) (Ph), 

i-8i9j8 

27-29 

36-38 

C (Ph)3 

1-794^ 1 

26-91 

35*88 

2 aromatic substituents:^ 




C (Diph)^ Aliph 

i- 35 iiS 

20-27 

27-02 

C(Ph)2 Aliph 

I aromatic substituent:^ 

1 I- 200 j 9 

1 

( 

i8-oo 

1 

1 

1 

24-00 

C (Diph) (.Aliph)2 

1 0-897 ^ 

13-46 

17-94 

C (Ph) (Aliph), 

0-720 j 3 

10-80 

14-40 

No aromatic substituents; 



1 

1 

C (Aliph)3 

0|8 

0 

0 


^ For brevity, the resonance energies for these radicles are not included in table i. 


Table 3(6). Total linkage demand due to resonance, A = zAi^ 

for some symmetrically substituted ethanes 


1 


A in k. cal./mol. 


A 

calculated for 

Compound 




II 

^ = 20 

(Diph), C— C(Diph)3 

3-718^ 

55*77 , 

74*36 

(Diph), (Diph)2 

Ph ■'^“~^Ph 

3-682^ 

55*23 

73*64 

Diph p p Diph 
(Ph), ^ (Ph), 

, 3*638^ 

54*57 . 

72-76 

(Ph), C-C (Ph), 

3*588 i 3 

53*82 ' 

71-76 H 

(Diph), p p(Diph)2 

Aliph Aliph 

2-702 ^ 

40*53 

54-04 

(Ph), p p (Ph), 

Aliph*- '-Aliph 

2-600 jS 

39*00 

52-00 

Diph p p Diph 
(Aliph), ^ (Aliph), ' 

1 - 794/5 

_ ^-91 

35*88 

Ph p_p Ph 

(.-Miph), ^ (Aliph), 

1-400^ 

2 1 -60 

28-00 

(Aliph), C — C (Aliph), 

0^ 

1 0 

1 

0 

fij.ii C(Ph), ->C(Ph),-;-Ph 

1 - 794/3 

26-91 

i 35*88 


substitute d ethanes, the linkage demand i ncreases with the hulk of the substituent, 
i.e. the energy of dissociation diminishes. The difference, for example, between 
tridiphenylmethyl and triphenylmethyl amounts to 0-130/3, which gives the value 
1-95 with ^ = 15 and 2-60 k. cal./mol. with /3 = 20. This is in harmony as regards 
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order of magnitude \yith the (not exactly known) difference between the dissociation 
constants of these compounds. Further, it can be deduced from table 3 that the 
su bstitution of only one a romatic substituent ^ an a lipha tic one, reduces the 
linkage demand quite considerably, since this substituent can contribute nothing 
to the increase of resonance energy. This explains why stable free radicles are 
known only in completely aromatic or aromatic-unsaturated substituted C-atoms*. 
We see also, that ra dicles like allyl, CH.— CH— CHg, for example, cannot be 
stable . For the gain of resonance energy in the dissociation of the dimers is here 
much too small (A = 2X 2-82/3- 2X2/3= 1*64^). Finally, in table 3(6), the 
linkage demand for dissociation of tetraphenylmethane is surveyed from the point 
of view why the dissociation does not take place, which the older theories of 
valency requirements could not explain. Here it appears that in the dissociation of 
a C — (CgHs) linkage, only one of the resulting radicles gains resonance energy; 
in other words, that the li nkag e is only uni laterally deman ded.’* 

The theory can also remove oth er contradictio ns which were inherent in the 
older conceptions j-. It is known that certain free radicles with trivalent C, and 
others with divalent N, each of which is stable by itself, i.e. the dimers of which 
tend to dissociate, will yet combine with each other, e.g. 

(CH 30 .CeH,), N'' + C'" (C,H,), -> (CH3O.QHJ, N— C (C,Hs),. 

The theory of valency requirements was not able to explain this. On the other 
hand, this behaviour fits naturally into our theory. If we represent the work of 
separation of the corresponding substitution bonds by (C — C), (N — N), (C — N), 
then the conditions for the obser\'ed behaviour are expressed by 

fC— N) > (C— C) ; (C— N) > (N— N) ; (N— N) < (C— C). 

(The latten because the dimer of the nitrogen radicle is at least as strongly dis- 
sociated as Wxaphenylethane.) Here experimentally (C — C) = ii k. cal. /mol. 

If further we denote the work of separation of the linkages, without taking 
account of theVgain of resonance energy, by (C — C)y, (N — N)o, (C — N)^ and the 
linkage demandkfor the two radicles by Ac and ^n, then 

\ (C— C) = (C— C)o - 2 Ac 

\ (N— N)=(N— N)o-2^n 

(C— N) = (C~N)o - (Ac -h As), 

and the above conditions become 

\c — C)o — (C — N)o < Ac — As 
(C— N), - (N— N)o > - As 

(C — C)(, — (N — N)o > 2 (Ac — As)- 

If we take the lirikage clemafids^c ^' 794 ^ ^ i'20o/? (the latter is the 

value for a radicle C (Ph)., Aliph.; the actual linkage demand is possibly smaller), 



• Whether the radicles with «in aliphatic substituent like (C C CH^, ((-.jlla • C CH,, 

obser\'ed by Conant and his collaborators are really stable, seems to us not definitely proved. (C'f. 
W. Huckel, T/ieoret. Grundl. der orif. Chewic, and edition. 1 . 1 16. KeipziL; (i9.14)- Also J. R. Conant 
and N. M. Bigelow, Amer. Chem. Soc. 50, 2641 (1928), and J. B. Conant and R. \V. Schultz, ibid. 

55 , 2098 (1933)-) 

f This was pointed out by Pauling. 
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and if \ve take, for the work of separation, the binding constants (C — C)(, = 72*6, 
(C— N)o= 68 and (N— N)o ^ 32, then with 17*5, all the requirements are 
fulfilled. There even remains a rather large margin for a change in the assumed 
values. 

As mentioned above, Pauling and Wheland explain the stability of the radicles 
under discussion in practically the same way. They calculate only the energy 
increase which occurs in the dissociation by method I and interpret it then as £ 
gain in “exchange energy .” (They speak of a gain of “resonance energy,” but this 
expression is to be differently interpreted than in method II; the exchange energy 
alters during the dissociation and we may describe this as an alteration of the 
“resonance” between the canonical structures.) In the calculation of this increase 
according to method I, they have indeed to simplify the procedure in a somewhat 
a rbitra ry^ fashion, owing to the extremely great number of canonical structures*. 
They find the right order of magnitude for the linkage demand, but a much greater 
dependence on the bulk of the substituent than can be reconciled with observationf . 
For example, they obtain a difference of 1 1-8 k. cal. between the heats of dissociation 
of hexaphenylethane and hexadiphenylethane, which is certainly much too great in 
view of the observ'ed difference in the degree of dissociation. 

The same cause, which we used to explain the small work of dissociation of two 
aromatic-substituted C-atoms, can also be made to explain why the h eat of the 
t ransformation , Di amond-graphit e, is so smal l. In the diamond-graphite trans- 
formation, half a diamond linkage is broken per C-atom. Consequently there 
results one 7 T-electron for each atom in graphite, and the 7 T-electrons in the in- 
dividual slip planes of the graphite undergo resonance. The calculation of this 
coupling by method II for a single slip plane gives a continuum as the term spectrum 
for these electrons. One half of the states is binding, the other relaxing, by 
resonance. In the ground state, all the binding states are doubly occupied. The 
linkages cannot be localized. Within the lattice plane, the electrons have the 
character of conduction electrons. As mean resonance energy for a ir-electron, we 
find — I *58^. If the work of separation per C— C linkage is taken as about 73 k. cal., 
then it must be taken as about 36-5 k. cal. per C-atom. On the other hand resonance 
energy is gained. With B = 15, this gain is calculated as 23*7, or with = 20 as 
31-6 k. cal. /mol. It agrees therefore in order of magnitude with the work expended. 
Naturally, this is only quite a rough estimate, since: 

(1) If the structure of the a-lmkage changes in the transformation, this will 
contribute to the energy change, and will be of relatively more importance than in 
the substituted ethanes. 

(2) After the transformation, forces— although rather weak ones— still act 
between the slip planes, which depend on van der Waals' forces and on residual 
valencies. (Resonance action between the 7r-electrons of adjacent lattice planes.) 

* This simplification consists in the main in the neglect of the “excited” structures, i.e. those 
for which non-adjacent atoms are connected by valency links. 

t In the original work, incorrect values were obtained at first. The value ii-8k. cal. given 
here is taken from a correction given by Pauling and Wheland. [Note added in proof: For this 
correction see L. Pauling and G. W. Wheland, 7 . Chem. Phys. 2, 482 (1934).] 
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(3) The value of /3 in graphite may deviate from the value deduced from the 
energy contents of the aromatic compounds. 

It would not be easy to take these points q uantitatively into account, but it 
does not seem open to doubt that the conceptions developed here roughly deal with 
the essentials. 

(c) Discussion of chemical properties in relation to constitution 

The results of method II yield certain qualitative conclusions on a number of 
chemical properties. We consider first Ring compoundsy diphenyl and condensed 
systems. From figure 3 it will be seen that the r ing with 6 members , diphenyl and 
condensed systems, all differ from rings with 4, 8 ; 5, 7 members in that in the former 
compounds all 7r-electrons are in binding states w hich are fully occupied . We have 
here, therefore, closed electron groups. On the other hand, the 4 and 8 ring com- 
pounds have t\w electrons which neither bind nor separate, and also the highest 
occupied state, /which is doubly degenerate, is not fully occupied. However, it is 
very i mprobabl e that in either of these rings the cal culated electronic structu re 
can have a real significance, since in them probably the atoms are no longer 
arranged in a /plane, on account of the great deviation of the valency angles from 
120°, which would be necessary for a plane structure. Consequently we shall not 
consider these rings further. (In any case, the 4 ring is unknown.) The 5 and 7 
rings have no closed electron groups, and indeed in the 5 ring a binding state to 
close the group is lacking, whilst in the 7 ring a single electron is in a non-binding 
state. This accounts for the fact that the 5 ring, at least in the presence of a positive 
ion, has a tendency to take up one electron, which results in the existence of metal 
compounds like which are considered as of ionic character, whilst in the 

7 ring no such compounds are known. Among the rings, the 6 ring i s specially 
distinctive . This individuality exists also among heterocyclic rings. This arises, 
however, not on account of the number 6 of atoms in the ring, but on account of 
the numb er 6 of 7r-electrons. Such heterocyclic rings are, e.g.* 





NH 


O 


s 


Pyridene Pyrrole Furane 'rhiophene 

Corresponding to these we have, for example, the heterocyclic condensed ring 
systems 

/x X\ 



NH 
Indole 


\x\x 

o 

Coumarole 



Benzothiophene 

which are analogous to naphthalene. 

In these compounds, N brings one 77-eIectron, NH, O and S bring two tt- 
electrons into the ring, and the total number of 6 or 10 electrons forms a closed 
electron group. (In the corresponding compounds analogous to anthracene the 

• For further details, see VV. Hiickel, Theoret. Grutuil. 2nd edition, 1, 3S6, Leipzig (1934). 
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critical number is 14.) Naturally, the symmetry of the eigenfunctions and the 
eigenvalues of the 7r-electrons are distorte d in these cases, though this does no t 
affec t the e numeratio n of the binding states. A quantitative treatment of such 

compounds has not yet been attempted. 

The difference in behaviour between aromatic and unsaturated compounds is 
not easy to interpret, since the latter also have closed electron groups (see figure 3 ). 

In free radicles , the highest state is not fully occupied, and indeed this state 

can be : 

(1) Neither binding nor relaxing (allyl, etc. ; triphenylmethyl, etc.). 

(2) Binding [QH3 ,Q(CaH5 )J. 

(3) Relaxing (QH;). 

The stable radicles like triphenylmethyl have on the one hand a tendency to 
gain an electron (forming a metal compound like (€6115)3 C“ Na+, which is liable to 
dissociate into the ions (€6115)3 €” and Na"^). On the other hand, they have also a 
tendency to lose an electron .(forming compounds like (€5115)3 €■*■ €1“, which is 
liable to dissociate into (€6H5)3 €+ and €1"). These radicles therefore exhibit a 
behaviour which can be described as amphoteric. 

The radicle €5115, which is not stable in itself, has no tendency to behave as a 
positive ion (its chlorine compound has no ion-forming character), corresponding 
to the fact that the highest occupied state is binding. On the contrary, as already 
mentioned, it forms compounds in which it can be regarded as a negative ion. It 
has therefore an electro-negative character. The stable pentaphenylcyclopenta- 
dienyl should also possess such a character, since in it also, the highest occupied 
state is binding, and it is one electron short of a closed group. Although as far as 
we are aware, there are no data on the electrochemical character of this radicle, we can 
refer to the fact that Ziegler* from other considerations concludes that this radicle 
should have a pronounced electro-negative character. 

Some of the molecules with closed electron groups have, when alkalis are present, 
a tendency to take up electrons. They are to a greater or less degree in a condition 
to take up alkali metals, and then to become hydrogenated. Thus: 


C( 



H Na 

\/ 

rv", 

H Xa 


H> 

/^/\ 

I I IK zNaOH 


'I'he ease with which the addition of one and the same alkali metal takes place, 
decreases in the following sequence. (The data are only qualitative.) 

Anthracene easilv adds Na and Li in the 9, 10 position. 

Naphthalene adds Na slowly and Li faster, in the i, 4 position. €onjugated 
double bonds (isoprene) add them in the i, 4 position; Na about as fast as naphtha- 
lene, Li not investigated. 


* K. Ziegler and B. Schnell, Ann. d. Chem. 445 , 266 (1925). 
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Phenanthrene adds Na very slowly, Li somewhat slower than naphthalene. 

Diphenyl in the i, 4 position*, adds Li but not Na. 

Benzol and isolated double bonds add neither Na nor Li. Finally diphenyl- 
polyenes add Na to the C-atom which is next to the phenyls, and do so rather 
easily. (One deduces the position of the addition, from the constitution of the 
products formed by hydrogenation, assuming that the hydrogenation occurs at the 
same place as that at which the metal is added.) 

It now seems that there is a connexion between the sequence for ease of addition, 
and the sequence of resonance energies in the lowest unoccupied states (which can 
be doubly occupied !). This may be seen trom figure 3, where the compounds are 
numbered according to the latter sequence. (Phenanthrene was not calculated. 
Diphenylpolyenes should also combine easily.) Alorcover, there is a relation 
between the positions at which the addition occurs, and the charge distribution of 
the Io\\est unoccupied states, which in the presence of alkalis are occupied. I'he 
addition occurs namely in that position where this charge distribution has its 
maximum. Phis is so for all the cases mentioned where the calculation of the charge 
distribution has been carried out (anthracene, napththalene, conjugated double 
bonds, diphenylpolyenes) with the exception of diphenyl. Here the greatest 
charge density is at the 4, 4 position, and we should therelore anticipate that the 
addition would occur at these points. In naphthalene, the charge density is the same 
at the positions i, 4 and 3, 8. That the hydrogenation occurs only at the i, 4 
(or 5, 8) and not in (i, 8) or (4, 5) may be connected with the fact that for tlie latter 
case the resulting compounds have less tavourable energy, and thus rearrange 
themselves to form i, 4 dihydronaphthalene. 


§6. CONCLUSION 

As already mentioned, I have shown that a quantum-theoretical explanation 
can be given using method II, for the individual reactive behaviour of substituted 
benzenes (“induced polarities”). Consequently nothing further will i>e said iiere 
on this point. 'Phe relevant original work may be consultedf. 

In general the theory has been so tar developed that the employment of onl\ 
o ne constan t, the resonance integral is reejuire d. It is clear that witli these 
limitations, only relatively rough conclusions as to the constituiion and behax iour 
can be drawn. I believe, however, that 1 have shown that tpiite important progress 
has already been made towards the understanding of the compounds under 
consideration. On points tor w hich a closer examination, w Inch naturalls must be 
much more complicated, would be necessary, 1 have given references at dilfereni 
points of the above outline. 

'Phe treatment of further properties, such as m agnetis m and light absoj piioii, is 
a task for further research. 


* .Accordint’ to W . Schlcnk ;ind E. lIcrL'ntann {Amt. d. ( lu »i. 403. i ( 1 tlu‘ .uklition r.hr»nkl 
at least occur in the same phenyl, probabK' in the i, 4 p(>>ition. Tlie .iimnnem t->r tliis secin» to us 
not ver>' cogent. 

t E. Huckcl, Z./. Phys. 72 , 310 (1931); sec also Suture, June 25. lot-. 
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DESCRIPTION OF THE BINDING FORCES IN 
MOLECULES AND CRYSTAL LATTICES ON 

QUANTUM THEORY 

By F. HUND 

Leipzig 

ABSTRACT. The distinction between heteropolar and homopolar bonds is briefly 
outlined. As regards the theoretical explanation of the phenomena we may obtain differen t 
degree s of a theory of cohering matter, ac cording to the extent to which qua ntum the ory 
is int^ducedlnto t he basi s of the theory. 

A number of problems are then taken up in order. 

(1) Why is h ydrogen diatomic? To explain this it is necessary to show that when a 
number of electrons and a number of protons are brought together, the state of lowest 
energy is that in which the protons are associated in pairs , at a fixed distance apart, and 
that two electrons are associated with them. Various methods of approximating to the 
solution of the mathematical problem involved are discussed, and it is emphasized that all 
of them rest on “models.” 

(2) Why is HoO bent , and indeed why is such an angle c haracteristi c of a large group 
of oxygen compounds? The discussion of this problem leads to a consideration of the 
distinction between a valency link binding and a (homopolar) binding not describable by 
valency links. 

(3) is Na a meta l, but Cl a gas, although both are univalent? Under this heading 
are discussed, among other points, the conditions which favour la ttice formatio n as a state 
of lo west energ y. 

(4) Why do s olid insulat ors occur, like the diamond? In other words, the problem is 
that of explaining the existence of n on-ionic lattices, with strong bindi ng. 

(5) How are the tr ansition cases like arsenic to be classified? 

Finally, it is pointed out that we cannot yet calculate in general when Nature will use 
one sort of binding, and when the other. Consequently a surv'ey of the types of aggregation 
actually met with in the elements is of interest, and a diagram showing this is provided. 


§ I. EMPIRICAL 

To obtain a concise sur\'ey of the cohesive properties of matter in bulk., we will 
arrange the simple substances with respect to the strength with which they cohere 
and to other obvious properties. 

I he quite co aigc classific ation into those substances which at ordinary tem- 
peratures are solid and those which are gases (among simple substances, only water 
and mercury are liquid) shows t wo grea t grQiip<^ fnrr^g which hold together the 
lattice of the solid state. If we include electrical conductivity as noteworthy, we 
obtain the following schematic survey: 
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Melting 

point 

Solid state 

Rare gases 

He, Ne ... 

Very low 

i 

Insulators 

I 

Atomic 

lattice 

Polyatomic gases 

i 

1 

Hg, Na, O2 

i Fo, Cb, ... CH, 

1 

Molecular 

lattice 

1 

1 

I 

! 

Low I 

CO, CO. ' 

HCI, Hob, NH3 ' 

Salts 

1 

LiF, ... Csl, 

Mgb, ... CaFo 

% 

1 

High 

t 

Insulators to ' 
electrolytic 
conductors 

' Ionic 
lattice 

1 

1 

Metals 

i Na. Mg, Al...Fe 
' ScN, TiC 

Metallic 

I conductors 

^ .Atomic i 

lattice 

1 

Yery high 

Compounds of the nature 
of the diamond 

% 

Diamond, Si, B? 

: SiC, BN 

Insulators 


To those properties of the simplest substances collected in the table, we have to add 
the general system of ideas which chemistr\' has abstracted from its enormous 
empirical material. As li miting cases between which there are transitional cases, 
we have heteropolar and homopolar bonds. He teropolar compoun ds in tlie ideal 
case form solid bodies at ordinarv temperatures (we do not consider here the case of 
solutions). A c haracteristic intege r can be attached to the individual atoms and it 
mav be either p ositive or negati ve. In compounds, the sum of these numbers is zero 
even in a comparativelv small region. In addition it would seem that the atomic 
arrangement in the crystal lattice is mainly determined by the relative “sizes” ot 
the atoms. If we extend our considerations peases like XaCl vapour , or (more 
remote from the ideal case) HCl and NH;[ gas, then we find molecules ; in them the 
atoms are so constituted that the sum of the characteristic numbers (to call them 
valency numbers departs probably from the language of the chemist) is ^.ero. 

In homopolar compounds , which form molecules in the simple cases, the atom 
has a valency number, an i nteger which has no siim ; multiple valencies ot an atom 
have fixed directions to each other (tetrahedral tor the C-, plane angle lor the (.)- 
atom). “The valencies saturate each other mutually,” a valency from one atom 
combining with a valencv from a neighbouring atom to torm a valency link. 


§2. 1 UKORETICAL B.\SIS 

The atom as a stable dynamical system of charged particles is inexplicable to 
classical physics. According to the extent to which we apply quantum theory, 
whether we only introduce general tacts ot the tjuantum the(*ry. and think, m the 
main, on classical lines, or whether we employ complete quantum mechanics lor the 
phenomena, we obtain different de;^rees of a theory of cohenno matter. 

As a firs t and rather crude step we consider a toms as given and asMiine forces 
between them, repulsive on account of the impenetrability, atlractne on account of 
thp «^tnirtnre f)f the atom. 1 o this Stage belongs the classical kinetic tlieoi \ 
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of matter, va n der Waa ls* explanation of the relation between the liquid and gaseous 
states, and Debye s explanation of the constants in van derWaals’ equation. This step 
in the theor\' did not explain the special properties of different substances, nor, 
above all, the rules of chemistr}'. 

At a m ore advanced sta ge the individual pro perties of atom s, such as the existence 
and energy of positive or negative atomic ions, are deduced from the quantum 
theory of the atom. The aggregation of matter is then explained as being due to the 
elec trostatic forc es between the ions, so that the explanation is cl assical and 
pictorial. To this stage belong Kossel *s explanation of heteropolar chemistry and 
Born ’s theory of the atomic lattice. The chief points left unexplained are homo- 
polar molecules, metals, and certain solid insulators like diamond. 

In the third stage, the quantum theory of the molecule and the crystal lattice, 
el ectron s are regarded as movin g in a system of a few nuclei (as in molecules) or of 
many nuclei (as in cii'stal lattices) in a non-classical and non-pictorial manner by the 
methods of the (non-relativistic) quantum mechanics initiated by Heisenberg and 
Schrddinger (1925-26). This stage of development leaves most of the results of the 
earlier stages untouched; however, it adds some new results, and explains the 
properties of aggregated substances which are not explicable on classical, pictorial 
lines, viz. homopolar chemistr\' and solid atomic lattices (metals, and substances of 
the diamond type). 

§ THEORY OF HOMOPOLAR BINDING IN MOLECULES AND 

CRYSTALS 

% 

We illustrate certain important features of the theory by examples. 

Why is hydrogen diatomic? In order to explain the diatomic nature, we must 
calculate that the energy of the lowest state of a system of t wo electr ons in the field of 
force of two rigidlv fixed H-nuclei has a minimum at a certain finite separation of 
these nuclei. Further we must calculate that the energy* of the lowest level of a system 
of th ree electr ons in the field of force of three rigidly fixed H-nuclei has a minimum 
when nvo of the nuclei haveacertain fixed distance, and the third is remote from them. 
Heitler and London calculated out the system with two nuclei by an approximation 
method which started from the ground state of two separate atoms each with one 
electron. The principal feature is the classically unexplained spl itting of the ene rgy 
into two energy levels (i.e, terms), a s we proceed from widely separated to closely 
a pproaching nuclei. In this process, one of the terms goes to lower values, and 
finally reaches a minimum, whilst the other tends upwards. London studied the 
addition of a third atom to this assembly: the lower energy* level does not split 
further; there is no means for the energy to decrease further on closer approach of 
the third nucleus. The valencies of both original atoms were “saturated,” giving 
rise to a condition which led to no further splitting. 

.\ nother met hod of studying the same problem is the following: we can obtain 
approximately the condition of a single electro n in the field of force of two or 
more nuclei by a kind of in terpolation betw een the states for wi dely separa ted 
nuclei (when the electron behaves as the atomic electron near one nucleus) and 
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for slig htly separat ed nuclei (when the state of the electron may be approxi- 
mately obtained from the state in an atom, whose nuclear charge originates from 
coalescence of the nuclei). The lowest state of the single electron is diminished 
on bringing together the widely separated nuclei. The state of a system with many 
electrons is in this method approximated through the states of the individual elec- 
trons (this is also the route by which the atomic spectra were first understood). Then 
according to Pauli’s principle, ever y (non-degenerate) state contains at the most two 
e lectron_s . Thus in H2, two electrons can be brought into the lower level; in H3, 
one electron would have to be in a higher energy state (compare the relations in the 
Pie- and Li-atoms). 

Both these concepts Grinding in PL and of saturation have been g eneralized : 
the former ^the spjH^lency theory of L^»<fon, Heitler and others, and by a 
further refinement of Slater’s, whikt^e'latter has been extended ^ questions 
of c hemical bindingL J»v-t?efzl^?y and Lennard-Jones. The method (<■/) of spin 
valencies, which builds the proper functions of the ground level of the molecule 
out of the proper functions of the ground levels of the individual atoms (not the 
individual electrons of this atom), shows which characteristics of the quantum 
mechanical description correspond to the concepts of “valency number / and 
“saturation.” Slater’s method (/j), which builds the proper functions of the ground 
state of the molecule out of the proper functions of the individual electron/ in the 
atom, can deal with cases which arc too complicated for treatment by me/hod (^/). 
It brings out criteria of the quantum mechanical description which corr/spond to 
the chemical concepts of “ valency angl e ” and “valency bond.” Methods/t?) and (h) 
(which do not differ in this matter) are applied by Heisenberg to the Explanation 
of fer romaeneti sm on quantum theory. 

Method (c), which builds the proper functions of the lowe^ state of the 
molecule out of the proper functions of the individual electrons' in the field of 
force of this molecule, may not be so accurate, but is essentially simpler than 
Slater’s method. It also embodies a quantum-mechanical description of the 
valency angle and valency bonds. It can be applied to the treatment of many pro- 
perties of crystal lattices, especially metals . Its simplest form is then Sommerfeltl’s 
conception of free electrons. A more general form is Bloch’s treatment of single 
electrons in periodic fields of force. In that case, the proper functions of the indi- 
vidual electrons are waves with a propagation vector k. If the energy of the state of 

the single electron can be approximated in the form K= ^ \ h~ (and this is often the 


m 


case), then /:= z*-, where v is the “group velocity”; in this case the s\stem of 

electrons can be treated as a system of free particles with an “apjxirent” mass m' . 

All three conceptions rest on " Modelsy" i.e. 011 simpliliet .1 statements of the 
properties of actual molecules. Properties which in themseh es are not negligibly 
small, but which are not important for the phenomena treated, .ire left <iside. 

Why w H2O bentY 'I'he theory of heteropolar bindings could explain such an 
angle as due to the polarizability of the O-ion, but not the appearance of such an 
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angle as a general characteristic of a large group of 0-compounds. Slater and 
Pauling showed by means of the above described method (b) that the quantum 
theory of homopolar molecules also leads to a (probably corresponding) under- 
standing of this angle (as a property of the valencies of the 0-atom). The angle 
can also be explained by metho d (c): let us take two nuclei, which individually can 
take up an ^-electron in the lowest state, and an atom residue which possesses two 
p-electrons in the lowest state (p-^ so that instead of the two />-“gaps” of the 
0-atom we take two />-electrons), then it can be shown that in the straight ’* 
arrangement s ... Sj oplv nne energy leve l (which can hold two electrons) 

of lowest energy occurs. The two further electrons must enter a higher 

state. With the “bent” arrangement \ on the other hand, there are two 

o 

neighbouring conditions of low energy for the four electrons, with approximately 
the same energy. With only a very slight alteration of the description, we obtain 
two coincident energy states for the single electrons; the proper function of the 
one differs appreciably from zero at the middle atom (p-), at one of the end atoms ( 5 ) 
and between the two {s-p^)\ that of the other differs appreciably from zero at the 
middle atom, at the other end atom and beUveen the two. This state of affairs is the 
quantum mechanical description of the two valency links. In our example, the 
binding with valency links is describable in the sense of the quantum theory for the 
bent arrangement but not for the straight. If the p^ atom enters with both its 
valencies into a combination which is describable with valency links, and in which 
5-atoms are attached at the ends of the links, then the latter must form an angle. 

Slater’s treatment, and that sketched above by method (c), provide a quantum 
mechanical description of valency links. From the point of view of method (c), a con - 
nexion with va lency link s is made when the proper function of the ground state of 
the molecule is approximated by such proper functions of the individual electrons 
as are only appreciably different from zero between and at two neighbouring 
atoms. Every orbital of an electron described by such a proper function is doubly 
occupie d. On account of the model character of our representation, we cannot 
generally prove that a state of a molecule (or of a cr)’stal lattice) described by 
valency links is always the lowest energy state. For an estimate which shall 
show that the bent state of H^O with valency links has lower energy than the 
deepest state of a straight HoO whose proper function is described otherwise, 
doubtful simplifications must be made. We must not be surprised if Nature in 
some cases which are analogous to our example shows us bindings which are not 
d escribable by valency links . In fact, these occur, as the binding in met al lat tices 
shows; also the benzene ring, aroma tic ring s in general, and the graph ite lat tice are 
examples of structures not describable by valency links. The '' valency link binding 
we will call the above-described types, is therefore a concept exactlv describable by 
quantum mechanics. How far Nature utilizes it, we cannot always calculate. The 
other kind of homopolar binding, where, in method (c), the proper functions of the 
individual electrons cannot be so constructed that they belong to nvo neighbours, 
obtains its binding energy from the same unpictorial and non-classical features of the 
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theory, and is therefore closely related to the valency link binding. The energies are 

also of the same order of magnitude. Differences in other respects (conductivity of 

metals, certain properties of the aromatic ring), justify, however, a conceptual 

difference beiteeen a valency link binding and a (homopolar) binding not describable by 
valency links. 

Why is Na a metal and Cl a gasl The wholly different ways in which Na-atoms 
and Cl-atoms (at low and ordinary temperatures) become aggregated in the material in 
bulk, although they are both monovalent atoms, is an example of the fact that Nature 
utilizes the possibilities of valency link binding as well as the other homopolar 
possibility. The quantum mechanical treatment had to compare the model of a 
system of electrons in the field of force of the same number of regularly ordered 
(maybe space-centred cubic) atomic residues with charge -{-e, with the model 
where these electrons moved in the field of force of neighbouring pairs of residues, 
which other\vise were at great distances from each other. For the low terms, in 
contrast to the case of individual free atoms, the deviation of the quantum mechanics 
from the classical mechanics is important in both cases, as the Heitler-London 
calculation of the term separation for H;, or the possibility of interpolation of the 
electron term in the molecule between two atomic states, showed earlier. 

The large number of nei ghbour s which an atom has is favourable to the lattice — 
in the normal metal, an atom has twelve or eight neighbours (fourteen if we 
include those only slightly farther away). For the molecule, it is favourable that 
a valency link should give a greater contribution to the binding than a pair of 
neighbours in the lattice. Since our approximation methods are of no further 
use for the distance relations which actually occur, the deductions must remain 
qualitative; we cannot therefore show deductively , why Na forms a solid lattice 
and Cl forms molecules. Yet there are certain circumstances which seem to favour 
the lattice arrangement in Na rather than in Cl. 'I'he i^^roper functions of 
the Na-atom, on account ot their s pherical symmet ry, can better utilize the advantage 
of the neighbours on ever}' side than the /)-“gaps” of the Cl-atom. 

Why do solid insulators u'ith atomic lattices occin\ like the diamond? For the elec- 
trical conductivity of metals, it is important that a continuum of terms should belong 
to the lowest state of the multi-centred system corresponding to the lattice, and that 
at indefinitely small departures from the ground term there should be states which 
produce an electric current. Lattices composed of saturated molecules and of ions of 
rare-gas type are i nsulators, s ince the gr ound t erm is a s ingle and i solated one. To 
understand the existence of non-ionic lattices with strong binding, we must show 
that in other cases the ground term of the crystal can be a single and isolated one. 
In method (r) this follows from the fact that the levels of the individual electrons, 
which form a continuum, have a finite gap exactly at the place up to which the stales 
are occupied. 

We can make this clear bv a one-dimensional model. 'The electrons of the 
atoms, of which the chain lying in the .v direction is to consist, are to be in .v- and 
p-states. 'riie i'-proper functions arc symmetrical with respect to the nuclei, iii their 
dependence on .v, whilst the p-proper functions are antisymmetric (tigure i). 
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We shall assume an s~ and a/>-state to be neighbours on an energy scale; we 
exclude degeneration of the p-state itself. With this simplification, the “periodic 
system “ of the elements has periods of four, and consequently four electrons can be 
brought into the s- and /)-states of a level. If we consider now the i ndividual electron s 
i n the complete chain sys tem, as far as they are built out of the s~ and /)-states con- 
sidered, we obtain the scheme shown in figure 2 , for the energy of the individual 
electrons, as a function of a quantum number ^ which is connected with the 
tra nslatory properties o f the chain (as shown by Bloch). When considering solely 
the ^-states or the /)-states of the separate atoms, the dotted curves were obtained 
(Bloch’s curves) for the electrons of the chain, but taking both into account, the 
continuous cun’es are obtained. Each of the curves contains as many states as 
the chain has atoms : according to the Pauli principle, twice as many electrons 
can occur therein. The lower states of the individual electrons (roughly speaking, 
those in the lower curve) contribute to the binding, and those in the higher states 
tend to relax it. 

If each atom of the chain brings an electron with it, half the states of the lower 
curve are occupied (figure 3/7); we obtain binding. The limits up to which the states 
are occupied lie (for a chain with many members) in a continuum. If every atom of 
the chain brings two electrons with it, plainly the lower curve is fully occupied 
[(figure 36); we obtain strong binding. In this case it is not possible with a small ex- 
' penditure of energy to produce another distribution of electrons. We have therefore 
^ an insulator, whose properties correspond to those of the diamond. If every atom 
brings three electrons, then half the upper curve is also occupied (figure 3^) ; the 
strong binding is relaxed again ; in this case we have a metal. When every atom is 
accompanied by four electrons, the upper cun^e as well as the lower is fully occupied 
(figure 3^/); we have an insulator. Moreover, the binding is yet further relaxed. 
We obtain, as would be expected, the loose lattice of a ''rare gas.'' 

When we attempt to extend the model to more dimens ions, we see that for the 
occurrence of states in the insulator with s trong bindin g, it is important that the 
binding in its lattice should be interpretable as valency link binding. According to 
their lattice structure and the valency numbers of their atoms, diamond. Si, SiC, Ge, 
one form of Sn, and BN belong to this class. As transition cases in this neighbour- 
hood, lie some of the modifications of As, Sb, Bi, Se and Te. That some of these 
are metals is due to the fact that the relations of the model are disturbed by other 
terms, and is (especially for the higher atomic numbers) not to be wondered at. 

Ilotv are the transition cases As, Sb, Si, Se, Te to be classified? We shall general ize 
our mo^ of the uni-dimensional chain somewhat in that, by utilizing the y-direc- 
tion, we place at the disposal of the electrons of the individually separated atoms, 
one 5- and two coincident />-states. The s will be spherically symmetrical, one of the 
/)-proper functions (^j.) will have a node perpendicular to the v-direction, the other 
(p,j) will result from it by rotating the x-direction to they-direction. A perio d of the 
“periodic system” of the elements will then comprise six atoms ; the rare gases are 
first reached when the atom has six electrons. The term scheme of the electrons in 
the chain is then that of l igure 4. The newly added cur\*e corresponds to the />„- 
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states. It can happen that its lowest point lies above or below the highest point of 
the lower curve. In every case, if each atom is accompanied by one electron, we 
obtain a metal. If each atom brings with it three, four or five electrons, we also 
obtain a metal\ the binding strengths diminish with four and five electrons. If 
every atom is responsible for six electrons, we obtain a loose rare-gas lattice. In the 
case where there is a gap betiveen the middle and l ower curves, we obtain, jf each 
atom brings with it tw o^electron s, an insulator with strong binding forces of cohesion 





Figure i. s- and /)-proper functions 
of the model. 



Energ>- values of the model. 



(<7) One electron ( 6 ) Two electrons (<) Three electrons {d) Four electrons 
per atom. per atom. per atom. per atom. 

Metal. Solid insulator. Metal. Rare gas lattice. 


Figure 3. (From Hund, Zs. f. P/ivs. 74 , 8 (1932).) Occupied states of the model. 


(if the gap is small, the substance is a semi-conductor). In the case where the energy 
range of the middle cur\’e overlaps that of the lower, there is, if every atom is 
accompanied by two electrons, a part from the lower area which remains free, and 
from the middle one a part which is occupied. We obtain a nicta/ u'ith pvtuliav 
properties. For cohesion, the oyerlap, if it is not too big, is without effect; it can 
therefore be described with reference to the states of the lower curyc alone (valency 
link binding). The conduction properties can be so described, tliat the middle region 
has certain conduction electrons, and the lower region certain gaps, which in many 
respects behave like conduction electrons. 
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The application of the model to three dimension s shows that for the transition 
cases between an insulator with strong binding and a metal, it is important that the 
lattice should be representable as a valency link lattice (that therefore each atom should 
have as many outer electrons as there are valency links proceeding from it) but that 
for the electrons of the atom, states should be available, which do not enter into the 
valency link binding. The lattices of As, Sb, Bi seem from their structure to belong 
to this type. They may be so represented that every atom is connected by just one 
valency link to its three nearest neighbours. The three valencies p roceed, not from 





Figure 4. (From Hund, Z. f. Phys. 
74 , 12 (1932).) Energy values of 
the model. 





Co-ordination lattice 
Laver lattice 


Non-valency-link binding 


Co-ordina- 
tion lattice 
Layer lattice 
Fibre lattice 
Molecular , ^ , 

lattice ' '' 
Val ency link 
binding 


Figure 5. (From Hund, Houdbuch d. Physib, vol. 24, i, p. 693*) 

Forms of binding in the elements. 


three outer electrons, but from three gaps. We will however, for simplicity, speak 
of electrons. The valencv angles are explained because the valency links can be de- 
scribed by means of the proper functions of the three /)-states (in Slater s sense, or 
in that of method (r)). Now we can, in addition, form proper functions of the electrons 
in the lattice from the proper functions of the ^-states. It appears that these energies 
overlap somewhat the energies of the valency link states, so that some of the former 
are occupied, and some of the latter unoccupied. It is probably because of this that 
many properties of b ismuth are only explicable if we assume a very small number of 
free electrons. 
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§4. SURVEY OF THE TYPES OF BINDING IN THE ELEMENTS 

We cannot calculate quantitatively when Nature will make use of one kind of 
strong homopolar binding (for which a description must use non-classical methods) 
— i.e. valency link binding — and when she will use the other. A collection of the 
relations actually found is interesting. Figure 5 gives a survey of the combinations 
in the elements, and therefore in aggregated material consisting of unmi.xed similar 
atoms. In the usual arrangement of the periodic system of the elements, the groups 
Sc to Zn, Y to Cd, La to Hg are neglected; they should not be differentiated from 
their surroundings in type of binding. On the “ left ’’ side we have the type of binding 
not to be described with valency links; on the “ right ” side, the valency link binding. 
Su b-ca ses occur since molecules can aggregate in one-dimensional or in two- or 
three-dimensional formations with valency links (m olecu lar, fi^re, I^r or co- 
ordination lattices). 
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ATOMIC DISTANCES IN ORGANIC COMPOUNDS 

BY X-RAY ANALYSIS 

By J. MONTEATH ROBERTSON 
Davy Faraday Laboratory, London 

ABSTRACT. Tables are given for the distances between the atoms or groups in 
diamond, graphite and a number of organic compounds. In the case of more complex 
structures, the results are classified according as the values were determined from Fourier 
projections in three independent directions, or by some less complete analysis. 


In the following tables an attempt has been made to classify the X-ray data on 
atomic distances in organic compounds according to the i ntensiven ess of the ana lyses 
from which they are derived. Generally it is only in the case of the elements them- 
selves (T able I ) that the structures are sufficiently simple for the interatomic distances 
to be derived directly from the lattice constants of the crystal; then, of course, the 


Table i. E lementa ry structures 



Interatomic distances (A.) 


1 Diamond* 

1 Graphitet 

i C— C 1-541 

i C — C 1-42 

C...C between layers 3 41 


* W. H. Brag^ and W. L. Bragg, Proc. R. S. A, 89 , 277 (1913). W. Ehrenberg, Z. f. Kristall. 
63 , 320 (1926). 

t J. D. Bernal, Proc. R. S. A, 106 , 749 (1924). 

determination of distance is equivalent to the determination of wave length with the 
cr\^stal as a grating. 

In all ordinary organic compounds the asymmetric cr}'stal unit is a group of atoms 
comprising part of the molecule, the whole molecule, or, in a few cases, several mole- 
cules. The precise position of each atom, and hence its distance from its neighbour, 
can then only be determined by the simultaneous evaluation of a number of para- 
meters. The task usually appears rather hopeless in the case of complex structures, 
and probably would be were it not for the ver}^ e.xtensive knowledge of the relative 
position and arrangement of atoms contained in the stru ctural form ulae of organic 
chemistry. 'I'hese provide a_ f ramework and it remains to make this framework 
metrica l and to deduce its orientation in the crj’stal. But in a complex structure it is 
practically impossible to di sentangl e the effects upon the calculated values of the 
intensities due to varying certain interatomic distances or to altering slightly the 
I orientation of the model with respect to the crystal axes. When the work reaches this 
J stageTthe method of Fourier analysis is invaluable, because it presents a picture of 
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the structure which is built up from the experimental measurements, only the phase 
constants of the terms being taken from a preliminary trial and error analysis. This 
means that approximations to the structure differing slightly in orientation or in 


Table 2. Layer structures and linear structures. Atoms all in one 
crystal plane, or dominantly along one cr)'stal axis 




. t 

Intermolecular dis- 


Interatomic distances (A.) 

\ 

1 

tances (A.) (minimum) 

Cyanuric triazidc* (one Fourier 

C — N in ring 

1-38 


projection) i 

1 C — N outside ring 



* f 1 

1-39 ; 


t i ^ 

N -:N terminal 

l-ll 1 

' N...N 3-12 , 

i 

y » 

N=N ■ 

I '26 

1 

Hexamethylbenzenef (Trial and 

C — C aromatic 

1-42 ! 


Error Analysis) 


1-48 

1 

1 \ 

C — CHa aromatic- 


# w 

' aliphatic 


1 

7j-HydrocarbonL CogHso 

CH. — CH.j aliphatic 

i-553§ 

CrL-.-CH. 3-6-3-9 

Hydrocarbon series 

CIL — CH 2 aliphatic 

1-534 



* I. E. Kna«KS. (Report in preparation.) 
t K. Lonsdale, Proc. R. S. A, 123, 494 ( 1920 ). 
X A. Muller. /W R. S. A. 120. 437 ( 1928 ). 

§ Assuming tetrahedral angle. 


Table 3. Complex structures. Analyses based on tlir^ 

separate Fourier projectio ns 


Anthracene* 

Naphthalcnef 

Durene;! 

DibenzYl§ 

> t 

y » 

Benzoquinone , 
* ) 

% 1 


Interatomic distances (A.) 


Intemiolecuiar distances 
(A.) (minimum) 


C — C aromatic 

1-41 

CH.. 

.CH 

3-7 

C — C aromatic 

1-41 

CH.. 

.CII 

3-6 

C — C aromatic 

C — CH, aromatic- 

1-41 

1-47 

CH... 

..Cll, 

3 9 

aliphatic 

C — C aromatic 

1-41 

CM.. 

.CII 

3-7 

CHj — CIIj aliphatic 

C — CII. aromatic- 

1-5S 

1-47 

Cll., 

..CII 

41 

aliphatic 

C — C in ring 

' 1-5 

0. 

,. 0 

3 62 

C C in ring 

' 1-32 

0. 

..CM 

3 3 ^> 

c 0 

-114 

C. 

..Cll 

3 44 


• J. M. Robertson, Pnu\ R. S. A, 140. 79 ( 1933 ). 

f J. M. Robertson, Proc. R. S. 142, (>74 

t J. M. Robertson, Prm . R. S. 141, 51)4 (i9,>5)* ( 0 ) 33 ). 

§ J. M. Robertson, Pioi\ R. S. A. 146 , 473 ■ 134 . 3 S 1 (1034); lepoit in 

preparation). 

II J. M. Robertson, Xatiire. 134, 13 S ( 19 .U); (-"’d report in prep.u-.m-.n). 


atomic distances will all lead to the same final result, which ha^, therefoie, the 
quality of a direct determination. 

A do uble Fourier series is now generally employed, giving a pngicsdioji ol the 
structure in a certain direction. By piecing together the results ot two or more pro- 


48 y, M. Robertson 

jections of this kind, the whole structure can often be determined (Table 3). In 
the very rare cases in which all the atoms of the structure lie in one plane, a single 
projection perpendicular to this plane may sometimes give all the necessary in- 
formation (Table 2). As the work is rather laborious, structures are sometimes 
satisfactorily determined by making a single Fourier projection and combining the 


Table 4. Complex structures. Trial and error analysis combined 

with one Fourier projection 



Interatomic distances (A.) 

Intermolecular dis- 
tances (A.) (minimum) 

Chrysene* 

/>-Diphenylbenzenet 

> y 

HexachlorobenzeneJ 

Urea§^ 

n 

Thioureall 

C — C aromatic 141 

C — C aromatic i’42 

C — C beUveen rings i’48 

C— Cl >1*79 

C— NH. 1-37 

C=0 1*25 

C— NH, 1-35 

C-S 1-64 

CH...CH 3*4 

CH...CH 3*9 

NH2...=0 3*'^ 

NH2..NH2 3*8 

NH2..=S 3*4 


• J. Iball, Proc. R. S. A, 146 , 140 (1934). 

I L. W. Pickett, Proc. R. S. A, 142 , 333 (1933). 
i K. Lonsdale, Proc. R. S. A, 133 , 536 (1931). 

§ Wyckoff, Z. f. Kristall. 81 , 102 (1932); Hendricks, J. Amer. Chem. Soc. 50 , 2455 (1928). 
li WyckofT and Corey, Z.f. Kristall. 81 , 386 (1932). 

Q Wyckoff and Corey, Z.f. Kristall. 89 , 462 (1934). 


Table 5. Complex structures. Tr ial and error analysis only 



0 

Interatomic distances (A.) 

Hexamethylenetetramine 

(cubic)*ll 

^-Benzene hexabromide 

(cubic)t 

Diphenyll 

n 

CHo— N 1-42 

CH— Br i-94§ 

C — C aromatic 1*42 

C — C between rings 1*48 


* Dickinson and Raymond, y. Amer. Chem. Soc. 45 , 22 (1923). 
t Dickinson and Bilicke, y. Amer. Chem. Soc. 50 , 764 (1928). 

X Dhar, Indian J. Phys. 7 , 43 (1932). 

§ Assuming tetrahedral cyclohexane ring. 

Wyckoff and Corey, Z.f. Kristall. 89 , 462 (1934). 


measurements obtained with previous knowledge of the true interatomic distances, 
in order to calculate the precise orientation of the molecules in the crystal (Table 4). 

Interatomic distance is, of course, only one aspect of the results of a complete 
structure determination. Precise information can be obtained about such stereo- 
chemical matters as valency angles, and the position taken up in the crystal by certain 
groups where free rotation is possible about a single bond. Some examples are 
shown in the following diagrams. 
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Figure i. Durene (tetramethyl benzene) projected along the b axis. («) shows the distribution of 
electron density by Fou rier analy sis and (A) is a diagram of the relative positions of the atoms in 
the s tructu re. Each contour line represents a density increment of one electron per square A. 
It is fbund that the methyl groups are displaced away from each other by about 3"* beyond the 
symmetrical position. The plane of the ring is, of course, inclined to the line of projection, thus 
distorting it from a regular hexagon. 


Sw alt: 

0 I ;■ 3 ^ ^ 

1 I A 



iti 




Figure 2. Dibenzyl projected along the b axis. It is tound that the planes of the benzene rings are 
atjight angles to the plane containing the zig-zag of the connecting C Hj_gr oups. T he coti^plete 
structure determination requires other projections at right angles to this one. 
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DISCUSSION 

J. D. Bernal. The study of the nature of the interatomic bond in the solid state 
can be approached in a different way, viz, by studying the t ransitions f rom ionic 
bindi ng to homopolar linking on the one hand and to van der Waals forces on the 
other. 

A most interesting case is that of bonds involving hydrogen. The simplest of these 
is the acid hydrogen bond found in solid and liquid acids and acid salts and even in 
gases, as in such bimolecular aggregates as (HC00H)2. In this bond as studied by 
Huggins and Pauling, the H ion may either be regarded as an ion with two oxygen 
(or fluorine) ions co-ordinated with it as in the left-hand figure, 




or as a degenerate system resonating between the states shown on the right. In any 
case there is a ver)' definite binding energy as is shown by the reduction of the 
effective radius of the oxygen atom to 1-27 A. as against 1-34 for the 0 ion and 
1-8 for the neutral Ne atom. 

I have recently been studying, together with Miss Megaw, another type of 
bond — that occurring in alkali and amphoteric hydroxides, which may be called the 
h ydroxyl bond . The analysis of the ciy'stal structures of the main groups of hydrox- 
ides (with the important exceptions of thos^of-Na and K) has enabled us to follow the 
change s that the hydroxyl group undergoes in different ionic environments. The 
determining factor appears tgdje the electric field to which the hydroxyl ion is sub- 
jected, determined by the^ size and charge of the metallic cation, i.e., in Gold- 
schmidt's terms, by its p olarizing power . The extremes are the low fields of the 
weakly polarizing alkali ions where the ion behaves essentially like a fluorine ion, 
and the high fields and strong polarizing power of or Te®*^ where the binding of 
the cation to oxygen approximates to the homopolar force of the oxyacids, while the 
hydrogen becomes correspondingly loosely bound. 

I'hc nature of the change can be followed q uantitative ly by the measurement of 
the distance between the hydroxyl groups attached to different cations. The values 
are given below : 


Cation 

Li' 

Ca" 

Mg"! 

Mn" 

1 Fe" 

1 

Al"' 


B'" 

Half distance between OH groups 

1 80 

1-88 ' 

i-6i * 

1 1*56 

1*53 

' 1-41 

1-39 

1-38 

! I- 3 S 


There is an approximately li near relaff on between the logarithm of the inter- 
atomic distance and the energ\' of the cation hydroxyl bond. If we attempt to form 
a theoretical picture in wave mechanical terms it appears as a successive loss of 
degeneracy of the hydroxyl group with increasing fields. Free hvdroxyl must have 
cylindrically symmetrical eigenfunctions. This is also probably its condition in the 
alkali hydroxides. With hig her fiel ds the tendency will be for the eigenfunctions to 
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split up into a tetrahedral configuration of a general methane-like character, though 
here only one of the concentrations of negative electricity will be occupied by a 
hydrogen ion. In the case of the intermediate bivalent hydroxides the t hree nega tive 
concentrations will be opposite the three cations, so that there is no essential 
difference from the case of a cylindrical group. In aluminium hydroxide only two of 
the ne gativ e concent rations are occupied by Al^^ ions and the remaining concentra- 
tion can link with a hydrogen atom contained in a neighbouring hydroxyl group. 
This is tf ^true hydroxyl b ^nd, and it is significant that it gives the same interatomic 
distance 2*76 A. as that found in ice and water. With boron, sulphur and tellurium 
hydroxides it is not certain whether one or two negative concentrations are attached 
to a cation, as here the binding must be essentially homopolar, but in any case one 
negative place is left for the reception of the of a neighbouring hydroxyl group. 
The case of the neutral hydroxyl of the alcohols which exhibits marked hydroxylic 
binding must lie between these weak acids and the amphoteric hydroxides. 

The relative weakness of the hydroxyl bond compared to the H bond is due to 
the presence of another H ^ in the neighbouring OH group. 

This semi-classical picture has served to interpret and even to predict quanti- 
tatively the crystal structure and properties of hydroxides, and it would be very 
interesting to see if it could be given a stricter quantum theoretical basis. 


Prof. P. P. Ew.ald. Most measurements give a test of the wave-mechanical 
theory of molecules or of crystals by checking the energy values rather than the 
actual (/(-functions or the electronic distributions. There is, however, one case in 
which a test of the latter presents itself: in the case of diamond. The diamond 
structure was established by Sir William Bragg in 1913 chiefly by help of the missing 
second order octahedral reflection (222). Later, this reflection, though very faint, 
was found to exist. It is a direct evidence for a diflerence of orientation of the carbon 
atoms forming the two in terpenetrating face-centred lattic es, of which the diamond 
lattice is composed. Or, to put it in another way, this reflection shows that the 
ca rbon atom s cannot be sp her ical qr_ contain a centre of symm etry. 

Dr Hdnl and I have been trying to apply to the case of diamond the methods used 
by Slater and Pauling for calculating directed valency bonds. We start with a tetra- 
hedral ground state of the carbon atom which consists of a combination of one 2 s 
and three 2 p electrons. We have, so lar, neglected all but the 4 nearest neighbours 
and have not gone beyond the zero order approximation. Where the eigenfunctions 
of neighbouring atoms overlap, an induced probability for the presence of electrons 
appears. Integration of the total amount of charge thus accumulated round the 
centre of the lines joining the nearest carbon atoms gives about o-<S electrons round 
each centre. The L shell of each carbon is consequentK weakened to contain 
4 — 4 X 1 X 0-8 = 2*4 electrons only. It is possible, in an ap|')n)\im.ite w<iv, to de- 
termine the Fourier expressions for the electron density in the unit cell of diamond. 
This gives the following Fourier coefficients (preliminary \ alues!): 

Order (m) (220) (222) (400) {444) (b22) 


Coefficient \A 


15-6 


19-6 0-24 


I-2-7 


9-0 




10 


4 -^ 
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Discussion 


The intensities to be observed by X-rays may be taken as proportional to \A\ and 
would thus lead to the ratio (in) : (222)"-ioo : i-6, whereas the measurements of 
Sir William Bragg (after taking account of the angular functions) lead to (i 1 1) : (222) 

^100:4. 

It is thus highly probable that the (222)-re^ tiQn of diamond can be accounted 
for quantitatively by the tetrahedral deformation of the C-atoms and that an 
accurate Fourier determination of the lattice will show further details of this most 
important case of an unspherical atom. 

Dr A. Muller. The problem of cohesion in organic solids resolves itself quite 
naturally into two parts. The first is the f ormation of the rnolecule from its con- 
stituent atoms. The paper by Heitler and London on the homopolar bond in 
the hydrogen molecule marks a fresh stage in the development of theoretical 

chemistn,’. 

The second part of the cohesion problem deals with the i nteraction betwe en the 
whole molecu les in an organic cr\’Stal. Here the theory of Eisenschitz and London 
on the van der Waals forces has opened up new possibilities for the interpretation of 

crystal properties. 

In a subsequent paper Lo ndo n has made a particularly interesting application of 
this theory. He calculates the h eat of sublimati on of a number of crystals from 
optical data of the constituent atoms and the lattice dimensions of the crystals. One 
of the crystal s is solid methan e. ' 

In this paper London confine#. himself to molecules which in the simplified 

calculation are to be regarded as pomts. 

Considering the extreme importance of the cohesion problem it seems most 

desirable to e xtend these calculations t^ crystals the constituent molecules of which 
cannot be treated as p_oints. The theory k its general form is not restricted to point- 
like molecules. The correct application to an ex tended molecul e is practically out of 
the question; an app roximate calcula tion^^ however, can be made under certain 

conditions. , -fir 1 • 1 r 

I have made such an attempt and have calculated the van der Waals potential of 

a paraffin ciystal. These calculations are tedious and the p araffin^ . stal was chosen 

for its obviously simple structure. The calculate ij values for the potential are found 

to be larger than the observed heat of sublimation. This is to be expected, fk it 

must be remembered that the potential due to the repu ls j on fo rces has to be sub- 

tracted from the van der Waals potential. 

The van der Waals potential is found to be 2-4 kg. cal. per CHo gm. mol. if the 

CH.2 groups are taken as points lying along the chain axes, and 37 kg. cal. per CHo 
if the potential is calculated taking the nuclei of the C and H atoms separately in 
their correct position in the lattice. A calculation in which the centres are in the 
middle of the bonds gives an intermediate figure. The potentials are calculated for 
the crystal at room temperature. The observed value of the heat of sublimation is 
2- 1 kg." cal. per CH., gm. mol. How much the calculated values will be reduced by the 
repulsive potential cannot be stated; it is not to be expected that it will make much 
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difference. The calculations can be regarded as confirming the theory within the 
limits which may reasonably be expected in this approximate treatment. 

Prof. J. C. Slater. Professors Hiickel and Hund have pointed out the two methods 
which ha\e been used for computing interatomic forces, the first depending on 
elecjU'onjjairs, the second on mo lecular orb itals, and have indicated that the second 
gives results in better agreement with experiment. I wish to state that I am in 
entire agreement with this conclusion, and that I believe that the second method, 
in the approximation to which it can be convenientlv carried, is better than the first 
in a corresponding approximation. As a matter ot fact, most of the calculations 
made by the Heitler and London method ot electron pairs have neglect ed so many 
terms, in the nature of inter action integra ls between three or more wave functions, 
la ck of orthogona lity, etc., which we know by the work of Coolidge on the water 
molecule to be large, that they possess practically no theore tical significance. I’he 
calculations of Pauling, for instance, seem to make quite unwarranted use of the 
theory. Rut the very tact that it is so difficult to include these missing terms is a 
strong practical argument against the Heitler and London method. 

I believe, however, that the probable f uture developmen t of the theory will not 
lie exactly along the lines of either of these methods so far discussed. In a study of 
metals, the theory ot which in some ways has adyanced farther than that of other 
solids, it seems most convenient not to consider exchange or interaction i ntegr als of 
the conventional type at all, and I belieyc tliese will become of less impor tance in the 
theory. I nstea d*, it seems more conyenient to consider separately the t ota l potential 
and kinetic energie s of the crystal, in their dependence on the positions of the atoms, 
relating them by the vi rial theor em. Lor the p otentia l energy, we do not need to 
know the complete eigenfunction for all electrons of the crystal, but merel y, as one 
can see from the work of Lock, a two-electron proba bili ty fun ction, giying the 
probability that simultaneously electron number one w ill be at one j^oint of sjiace 
with one spin, and that electron number two will be at a second point with a second 
spin, 'The two-electron function is required because the p oteiui^ l energy iinohes 
only terms depending on pairs of electrons. Similarly the kinetic energy dem<mds a 
one-electron probability in momentum sj-taee. The two-electron j'trobabilitN pisi 
mentioned involves the co rrelat ion between the positions of electrons with the same 
or opposite spins, as resulting from the exclusion principle, and it is this in particular 
which the method of electron pairs was designed to give correctly. Rut it now 
appears possible to determine this density a pproximat ely, following a suggestion ot 
Wigner and Seitz, frorn the method of molecular orbi tals. It has in thi^ way Ik-cii 
possible for metals, and one may hope that it will be possible tor other solids, to gi\ e 
a tolerably complete account of the energy relations. In a method much more 
closely related to that ot molecidar orbitals than that ot electron p.ur>. <uul much 
easier to understand in a physical wav than the previous ilieoncs. 


.'Sec J. C‘. Sl.itcr. Rt'V. Mod. P/iyi. (()ct<>l)cr, 
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THE MOSAIC TEXTURE OF ROCK SALT 

By P. P. EWALD and i\I. RENNINGER 

Stuttgart 

ABSTRACT. An account of experimental work on crystals of rock salt, from which it 
is concluded that the mosaic texture is a property of individual crystals, and is nm of 
necessity shared hv all crystals of a given substance. X-ray examination showed differ- 
ences, particularly in the integral reflecting power, between natural crystals, cleaved but 
untreated, and those prepared by the method of Kyropoulos, showing that the artificial 
crvstal has no mosaic structure. Small areas were found agreeing with the perfect crystal 
in integrated reflection and in half-width. 

Polishing of the surface of crystals from either source results in a value for the reflecting 
power characteristic of a mosaic texture. 


Rock salt is stated in the literature to be a typical representative of the mosaic 
class of ciA'Stals — an assertion which presupposes that the mosaic character is 
invariably determined by the kind of crystal. An alternative to this is the hypothesis 
that the mosaic texture is not a general constitutional property but an individual one, 
i.e. that it is a propertv which results from the growth or deformation of individual 
crystal layers. 'Phis hvpothesis must be the correct one, as is shown by the following 
measurements*. 

Rock salt, which had been taken without special precautions from the melt, 
in quantities of several c.c., according to the method of Kyropoulos, was tested by 
the ‘'D ivergence metho d’' and gave an astonishingly s harp imag e of the reflecting 
surface, alt hough , on examination by optical reflection, large areas of the surhic c 
were not absolutelv perfec t, but seemed broken up into strips which were several 
mm. wide and made angles of several minutes of arc with each other. (" Lineages” 
in Buerger’s sense.) 'I'he reflecting properties of the surface were then investigated 
using CuKa radiation for the (iT)-position in a double spectrometer. 1 he reflectio n 
curve obtained tor two extensive regions of a pair of cleavage surfaces extended over 
an angular rang e of about 5'. It consisted of irregularly distributed peaks , which 
were shown to c orrespo nd to the reflections from the individual disoiienUxi 

crystallites. 

In order to study the mdwitlual crystallites, an area <^ t about 1 \ 3 of 

the second crystal was singled out b\' means of thin lead foil, so as to gi\i‘ a good 
reflection image of the goniometer slit by reflection. 1 he r eflection c ur\e on tlu- 
double spectrometer was obtained by fixing the first crystal aiul rotating the ^econd 
in steps of i". A bell-shaped curve resulted, having a half-width of 7-1 (half-width 
at half maximum). I’his is near the predicted theoretical haU-witllh tor <m kie.iIK 

* f'or the full publication sec M- Kcnnineer, Z. /. Knit'iU. 89, ’,44 (I'l .-p. 
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absorbing crystal, which would be 5'^ according to the formula of Prins. The observed 
value of the half-width lies below all values of the half -width previously observed 
for rock salt by the double spectrometer, these being given as from 30" to 300". 
By interposing a diaphragm with a hole of 0-3 mm. diameter it was possible to t^ 
different portions of the i j/x 3 mm. area. In this way curves were obtained from 
different points, having sometimes secondary maxima which arise through reflections 
at adjoining areas or where there are inclusions. It may be that for the narrowest 
reflection curves of half-Width yi", the difference from the theoretical value of 5" 
is determined by a flat /folding of a few seconds in the cleavage plane, extending 
also through the nearly/ideal region. It is also possible, however, that the somewhat 
too great width result^ from the small extension of the reflecting crystallites, which 
limits the interaction of the rays postulated in the dynamical theory of interference. 

If a l arger area of/the crystal (of 30-50 mmr) is used, the reflection curves from the 
separate points consist of an irregular senes of peaks which for the artifici al crystals 
are some So-iooVapart , while for the n atura l crystal they may cover a bout logp ". 

If the reflect^g surface is polishe d, some degree of s moothing of the reflect ion 
curve occurs together with a noticeable broadening of the half-width to some 
1000" (15'). 

The integrated reflecting power proves to be independent of the presence of the 
diaphragm—as would be expected from the fact that each element of surface gives 
its appropriate contribution. Nevertheless from the integral reflecting power we 
can decide whether the reflection is mainly produced as the sum of contributions 
from ideal reflecting elements, or whether it approaches another limiting case, that 
of the pure mosaic crystal of Darwin. For the mosaic crystal has always the greater 
reflecting power, and moreover there exists a difference in the dependence on 
angle. By measuring the integrated reflecting power in different orders it is possible 
to obtain a verdict as to whether the reflected beam results from the dynamical 
interference effect of coherent regions extending over at least io“®cm., or from 
the interference effect of mosaic crystals covering, at most, cm. 

It appears now that undi sturb ed cleavage surfaces of a rtificial rock salt produce 
integrated reflection cur\'es which agree with the curve for the i deal crysta l as well as 
can be expected. The departures amount to -1- 17, -I- 6 , — 8 per c6fit for the reflec- 
tions (200), (400), (600), while the curve for the mosaic crystal is 4-5 times the 
observed value. This clearly proves that the reflection at these undisturbed artificial 
rock salt crystals arises predominantly fr om the ideal region s, and that only um 
important disturbances arise out of the mosaic blocks. 


It is explicitly emphasized that in this comparison with the theory of dynamic inter- 
ference, use is made of 


(1) The po larization fac tor (i -f | cos 20 |), instead of (i + cos^ 20) for the mosaic 
crystal. 

(2) The st ructure facto r | F \ instead of its square | F 1 ^. 

(3) No separate determination of the effective absorption coefficient during reflection. 
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Moreover, the t heoretical value s are co mputed by means of 

(fl) Hartree’s theoretical at omic factors, modified by a disper^ on correction as given 
by Honl on account of the relative closeness of the CuKa radiation to the chlorine absorp- 
tion edge. 

(b) The usual a bsorptio n coefficients of Jdnsson. 

(^:) The r efractive in dex according to the Lorentz dispersion formula. 

{(i) The Waller-Prins formula for the in terferen ce effect in an absorbing crystal. 

(e) The Debye-Waller t emperatur e factor as determined by James, Firth and Waller 
for rock salt. 

The experimental values were reduced by ' 

(a) Consideration of the pol arizatio n of the radiation incident on the second crj’stal 
due to reflection at the first cr\'stal, and 

(P) A correction on account of a small admixture of L radiat ion frorrv tungsteOj which 
was present in the primary beam, since this is reflected from the first crj'stal but not from 
the second. 


Thus the dynamical theor)' in its best form at present has been used, and in it no values 
have had to be adjusted to fit the measurements. 

In contrast to a freshly cleaved surface, the p olished surfa ce of the same 
artificial cry^stal gives an integrated reflection which agrees excellently with the 
curve for the mosaic crystal. The same values are obtained for a polished surface 
of natural rock salt. The values are some 4-5 times greater than the value given by 
an unpolished artificial cleavage specimen; they depart by less than 10 per cent 
from the values which are obtained from the usual formula for the mosaic crystal, 
when the secondary^ extinction is taken to have the same numerical value g = 320, 
as that given by Bragg, James and Bosanquet. We notice the fundamental difterence 
which results from the polishing. Since the penetration of Cu radiation into NaCl 
is of the order of mm., the crystallites must be deformed, broken up and trans- 
formed into a mosaic right into the interior. Here there is still parallelism within 
about to the final surfaces, as may be seen from the breadth of the reflection 
cur\^e (± 1000"). 

A natural rock salt crystal from the Kochendorf mine on the Neckar, which 


when cleaved had an optically rather warped surface, was tested without being 
previously polished, using the good artificial crystal as a monochromator. Although 
the whole reflection-curve from a large area extended over a large angle, yet by 
using the diaphragm of 0-3 mm. diameter, peaks of moderate width about 
30-50” — were obtained from the individual crystallites. 1 he integrated reflection 
values were intermediate between those of the perfect and of the pure mosaic crystal. 
Evidently the coherent areas of the natural crystal are much smaller than those of 
the artificial, or else there are broad layers with mosaic texture between tlie coherent 


areas. 


We have in this investigation realized botli lim iting cases, as well as the tran- 
sition from one to the other in the same rock salt —which clearly contradicts the 
conception of the mosaic as being a constitutional property. Of course, \se arc 
dealing here with the “ rontizen mosaic,” i.c. a mosaic havi as ; p axlicle-s- ut-le^s^-dian 
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10“^ cm. For, in another order of magnitude, the optica l (lO"^ to io~® cm.), the 
artificial crv^al is also not homogeneous , but a mosaic of crystallites. It is shown 
by this investigation that the coarser and finer mosaics are not inseparably connected 
but that either can be present or absent without the other. 


INFLUENCE OF CRYSTAL IMPERFECTION ON INTEGRATED 

INTENSITY OF X-RAY REFLEXION 

(Rocksalt (400) reflex with copper K-radiation) 


SIZE OF 


ANGUL AR 

DISPLACEMENT 


COHERENT DOMAINS 


10'- cm 

RAYS A BSORBED IN SINGLE 
DOMAIN 


10** to 10*1 cm 

PART IAL TRANSM ISSION OF RAY 
THROUGH SINGLE DOMAIN 


10“^ to 10*^ cm 

PRIMARY EXTINCTION REDUCED BY 
SMALLNESS OF DOMAINS 


10 '* to I 0 *'‘ ^ cm 

NO PRIMARY EXTINCTION LEFT 


<10“^'^ cm 

BROADENING OF REFLEX DUE TO 
SMALLNESS OF PARTICLES; 
SECONDARY EXTINCTION LEFT 



1 to 103 sec. 


Ord. of magnitude: 
degrees 




Reflexion as for perfect crystal 




Prirn.irv extinction cfTective 



Second, irv extinction cfTective 




Integrated reflexion as for perfect cr>’stal 


Integrated reflexion as for ideal mosaic cr^^stal 


There is another point we wish to make concerning the i mperfection s of ciy'stals ; 
it is of no use to speak, for example, of a mosaic structure in a general way. Our 
artificial crystal, though nearly perfect for X-ray reflections, was but a poor re- 
flector for the beam from the goniometer and would not serve as a ciy'Stal for an 
X-rav spectrograph. In speaking of imperfections — as of every form of inhomo- 
geneitv — it is essential to state the scal e applied, Avhich varies according to the physical 
property considered. 
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From considerations of X-ray work it is thus possible to class the crystals into 
the table opposite, arranged first according to the size of coherent domains and 
secondly according to their disorientation. 

k is e . v i dgnt from the table, for e*xample, that for very small angular displacements 
the size of the coherent domains may vary miicli? more than for larger domains, 
without deviations of the reflecting power from that of a perfect crystal, whereas the 
ideal mosaic reflection will be obtained with larger particles if only their angular sweep 
is large enough. 

As is shown by the regions in which the primary or the secondary extinctions or 
the mass absorption are effective, it is even necessary to s tate the wave-leneth used : 
if, instead of copper rays, molybdenum rays had been used for the measurements, 
the divisions of particle size would have been different from those given. 'This shows 
how careful one must be in interpreting the results of measurements of crystal im- 
perfections. 

For working out an actual case, it has been necessary to state in the table the 
wave-length and the order of interference. Hy changing these the divisions will 
shift, especially where mass absorption is concerned. But the whole arrangement of 
the table will remain unaltered and may thus be regarded as giving general informa- 
tion on the type of crystal imperfection open to X-ray investigation. 
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EXPERIMENTAL EVIDENCES OF GROUP PHENO- 
MENA IN THE SOLID METALLIC STATE 

By ALEXANDER GOETZ 
California Institute of Technology 

ABSTRACT. The arguments in favour of some kind of superstructure in crystals are 
briefly mentioned, and it is explained that the word “group” is chosen to mean an / 
agglomeration of a limited number of molecules in crystalline array, inside of which/ 
group the stability of a molecule is different from outside, and the size of which is a physical ^ 
constant of the type of crystal under consideration. J'hus a group structure neither accepts 
nor rejects the “secondar)’ structure” dealt with by Zwicky. 

The expe rimental eviden ce for the existence of groups is then reviewed. 

Firstly, there is the evidence from e tch figu res on the cleavage planes of bismuth. 

Secondly, there are phenomena at the transition from solid to liquid. Two observations 
here strengthen the case for a group structure, («) the fact that the d egree of super-coo ling 
depends on the previous heating above the melting point, (6) the fact that the orientation 
of a crvstal p ersist s b eyon d the process of fusion , so that on subsequent solidification, the 
same orientation is found again. Again, the th ermal e.m .f. of bismuth does not alter 
suddenly at the melting point, but c hanges gradua lly in a region of about 8° C. the 

melting point. 

Similar evidence is furnished by the behaviour of crystals formed partly within and 
partly without a m , agnetic fiel d. 

The third type of evidence is that from studying the di stribution of the last traces of 
impurit y. It would be expected that the foreign atoms would tend to segregate at__llie 
boundaries of the groups (a “surface” effect), and it is found in fact that there is a critical 
concentration where this changes to the more usual “volume” effect. 

Finally, the comparison of the coefficient of expansion as measured macroscopically 
and by X-ray methods (which determine only the expansion inside the lattice, and ignore 
the boundaries) is discussed from the point of view of group phenomena. 


It is the purpose of this paper to present a critical sur\'ey of experiments which can 
be interpreted as evidence of the existence of a higher perio dicity in the crystal than 
the primary lattice structure. The discussion will be focu^d on experiments on meta^ 
since the work of the author and his collaborators has been restricted to this field. 

The need for an assumption of some kind of superstructure has originated from 
a large number of different fields of experience, e.g. the intensity of di ffracted Xjj ;ays 
(Dar\yin), the anomalies of the tens ile stren gth of crystals (Joffe, Smekal, Zwicky), 
phenomena of dissolving crystals (Traube and von Behren), etc. Accordingly, 
numerous theoretical attempts have been made to describe the nature of, and the 
reason for, the existence of such superstructures. As a consequence, the nomen- 
clature is not uniform and, in order to avoid a confusion of terms, the word “ group 
has previously^'’ been chosen by the author to designate an agglomeration of a 
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limited number of molecules in crystalline array, inside of which group the stability 

of a molecule is different from outside, and the size of which is a physical constant of 

the type of cr>’stal under consideration. A “group phenomenon ” is thus a quality of 

the cr}'stal which can be described neither by assuming the crystal to present an 

infinite three-dimensional conlinuum nor by theassumption of more or less accidental 

di scontinuiti es, as is represented f o_r insta nce by the ordinary microscopically visible 

rnos^c structure, characterized by measurable changes in orientation. On the other 

hand, the assumption that a crystal is an agglomeration of groups necessitates 

neither the acceptance nor the rejection of a “secondary structure” in the sense of 
— Zwicky’s theory. 

This is not the place to discuss as a whole the different observations which make 
the assumption of a sub-division of a c rysta l necessary, especially since a number of 
ver>^ excellent treatises have been published recently(2*3)». 

Considerable difficulty is encountered if we seek for experiments giving more 
than circumstantial evidence for the existence of such groups in a real crystal. The 
question must first of all be settled; What constitutes a periodicity in a crystal with 
a good alignment of groups of approximately equal size? Here the physical nature of 
the g roup boundary becomes of great importance and we are forced to assume that 
the physic al con ditions tor the atoms at the s urface of a group are difierent trom 
those of the atoms inside. This seems to be e special ly important in the case of 
foreign atoms, which will cause a greater reduction in stability inside the group than 
at the surface. Hence we shall find such i mpuritie s in very small concentrations in 
an adsorbed state at the group boundary, and the foreign atoms will establish sources 


• One t rivial argume nt i>nly ma\' be pointed out which seems to speak rather definitely ai'ainst 
the assumption of a crystal as a continuous repetition of the space lattice: the difficulty of producing 
large sinfile crystals is a well-known experience; also, it is equally difficult, if not sometimes impossible, 
to prevent a substance from crystallizing in small cr>stals instead of remaining in an “amorphous” 
(i.e. non-crystalline) state. IXjfhe cPi’stal were an id eal continu um, ue should e.xpect the mi nimum fre e 
energ y of the A atoms available for crystallization to occur for a configuration in which thev are all 
united '\vi_one large perfect crystal. 'I'he formation of a large number of small crystals would result in 
a larger free energy for the total system. In other words, the formation of ane large crystal wouUI 
be more probabl e than the formation of auiny small ones ; at least it must be admitted!, ev en if w e make 
local fluctuations of condititins responsible for the occurrence of the kirge number of sm.ill crv staN, 
that once a large crystal has been created . its d isiniegr.it i<ni intt) sm.ii I cr \ stal> under exte rnal influences 
(gliding and tw inning due to plastic deformation) shouKI be a rare occurrenie. I urther, the reunion 
of the fragments into the large crystal b\ recrvxtalliz.ition ^houlel not onK be possible but elithcult to 
prevent. Experience shows, however, t he opposi te to be tlie e.i'c: fir-vt. n is xometimes e.xceedinglv 
difhcult to keep a Targe single crystal in this condition .iiul prevent it from aging” into mosaic 
conglomerates; second, once such disintegration has t.iken place, this process almost always proves 
irreversible under heat treatment. Since all this does not hold for erv >taU of small dimensions, we .u e 
led to assume that the above consuleration is correct only f<tr,a-Uujited_v aliie (.V) iif .V , (.V .V). 

In other words, it a crystal has reached a certain size cont.iining .V .itoms.TTu- increase of st.ibihtv of 
AA’ = (A' - A') added atoms is sin. ill or zero, st) that a further growth is le's likelv and u «an vven 
be more probable that the AA’ atoms (for .1 sullicient m.igmtuife of A.V) are ni>>re stabk' m the form of 
a new crystalline group_vvhich consev|uentlv reaches its m.iximum of 'i.ihihtv after u in turn has 
grown to the content of A’ other atoms, riuis crystal wouM lie true to its ule.tl definuion onl> up to 
a certain size, and any real crystal of larger size would aecordingly In- .1 > . •tigionu r ite of such elemen- 
tary groups. It is easily seen that the stahility of the vv hole sv stem w ill not In- itifhu-ru eii much In .1 
slightly distorted arrangement of the conghiinerate, whi<h disr.^mon will thus he pn.h.ible riiis 
argument, however, does not necessitate tlie presence of such distortions if, l-u ui'-f.uu e iITionduions 
of growth arc sufficiently well regu kited ami impurities absi-rif . 'The ex 1 stein e • >f l.irge « 1 v st.iK \\ nh 
a high perfection in their goniometrie relations is thus no fundamennil .r euniem .leain t 'fiis conn iu. 
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of potential discontinuity throughout the crystal*. The experimental evidence for 
the existence of such periodically repeated discontinuities would thus be obtained if 
it could be shown that the le ngth of the per iod indicated by the distance of such 
potential walls was in dependent of the co ncentrations of the foreign atoms within 
certain limits. Such a finding would also prove that this type of precipitation of the 
foreign component is fundamentally different from the well-known accumulation of 
impurities (segregation) in certain regions of the crystal at high concentrations It 
may be mentioned here that we believe we have found experimental evidence for the 
invariance of the length of the period when the concentration changes about tenfold. 

To render these discontinuities visible and accessible to measurement, the author 
initially used the che nfical met hod, etching cleavage planes of bismuth crystals and 
obser\dng the size and the formation of the etch pits under the microscope, correlating 
it at the same time with an equidistant line-pattern constructed by means of an Abbe 
mirror*'*. In addition, a system of equidistant lines indicating the threefold sym- 
metry- on the (in) plane of such crystals, was obser\^ed before etching took place. 

The validity of the interpretation of these experiments as proving the existence 
of a higher periodicity in the crystal has met with various criticisms, e.g.*^* culmin- 
ating in the suggestion that the source of the lines on th e unetched plane repre- 
sented some kind of plastic deformation affected by cleavage, and that the uniformity 
in the size of the etched figures w as not sufficient to justify the assumption of a 
definite elementary unit (primitive perfect etch pit).\rhese objections c^n be met in 
the following way; although the regions in which the line structures on the cleavage 
planes occur are the ones that look most perfect, and inspection of these regions under 
reflected polarized light does not give any indication of twin lamellae or other 
crystallographic discontinuities in the usual sense, no definite statement about the 
nature of such lines can be made owing to lack of means for inv^tigating it. Their 
n ature seems, however, to be of s econdary importance ^ their occurrence at 
p eriodic interva ls and the fact that the length of the period was found to be in- 
dependent of the individual cry^stal. It has also been claimed**’* that the observed 
regularity was not a '' reaV' but a ''pseudo'' regularity,^?,^tc\2L\\y in view of the 
fairly large margin of error of the microscopic observation caused by the closeness 
to the optical resolving limit. Against this the following general argument may be 
advanced : such a distinction presupposes a di stinct ion between regularity and p seudo - 
r egulari ty and does not seem to be j ustified . Considering the normal conditions of 
growth of a cr\'stal, and the magnitude of the groups concerned, we should expect 
fluctuations in size which would render a perfect regularity impossible. In other 
words, the existence of a regularity per se seems to be established as long as a 
sufficiently large number of observations have been taken and a statistical distribu- 
tion crowding around one value is found ; the broadness of the distribution only 

* .At this point it may be mentioned that it would be misleading to ascribe the existence of such 
structure only to the accident of the presence of impurities. 'I’his would seemingly be the same as 
ascribing the inner structure of an organic cell to the presence of a dye. Furthermore most cn’stals 
with Avhich we have to deal are grown under such conditions that the complete absence of foreign 
atoms cannot be realized, and there is evidence that, even if the substance is of extreme high chemical 
puritv, adsorbed gases may furnish the disturbing atoms. 
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rend^s the absolute value of the length of a period more or less uncertain, but does 
not affect the validity of the assumption that a periodicity exists. It thus seems that 
the situation is vastly different as between a Gaussian distribution, however broad, 
and a complete randomness: in the former case zee can evaluate pnnlly a depnite 
physical constant characterizing the crystal (not the individual crystal) under 
consideration and we have to find a mechanism of crystal formation which can 
account for the occurrence and magnitude of this constant ; in the latter case, the 
whole phenomena are attributed to mere accident. Thus, arguing along these lines 
it seems unjustified to establish a difference in principle between perfect and 
pseudo-regularity. 

It is to be expected that the existence ot groups would result in a great number of 
phenomena which should be accessible to experiment, in addition to visual ob- 
servation under the microscope, this being at the same time the most direct method, 
and also the one most open to criticism. 

As far as metal s are concerned, the further (experimental) evidence so far 
available divides itself into observ ations at the t ransitio n from the liquid into the 
solid state and vice versa, and into certain properties of the crystal in the solid state. 
The subject will be treated accordingly in this order. 

Concerning the transition trom one phase into the other, there exist two seeminglv 
important phenomena which yield evidence against the general assumption that 
a crystal loses its structure on passing through the melting point and, in our 
opinion, in favour of the hypothesis that the fo rmation of groups a ntece des the 
formation of the solid crysta l : one is the observation of the d ependence of the degree 
of s upercooling upon the pre vious heat ing of the melt above the melting point, the 
other the persistence of the orientation of a crystal bevond the process of fusion. 

Webster^’^ has shown that for bismuth, lead and tin, the liability of the melt to 
supercool is larger, the more the melt has been superheated (heated above the melting 
point) previously. As far as metals are concerned, the observed differences were 
unusually large : it was possible to supercool b ismut h to 40 by superheating the melt 
80®, whereas superheating for only a few degrees permitted but a few degrees super- 
cooling*. It is obvious that the dependence of the degree of supercooling upon the 
thermal history cannot be reconciled with the idea tliat the crystal buikls ilselt trom 
single individual molecules out of the melt, since ilie kinetics ol tlie molecules in the 
liquid and their interaction cannot depend on the degree to which the licpiid IkuI 
been heated previously. 

With regard to the process of melting , the author has tirst observed in bismuth 
crystals^^^ that the ori entatio n as well as the microscopic properties of the indi\ idual 
crystal (regions of different orientation, tw in l.imellae) are pre^erv ed in the melt for 
several degrees above the melting point, as is indicated bv their reappearance if the 
melt is kept from mechanical disturbance and recrvst<illi/ed into .1 single cryst<d. 
These observations on “latent” crystals have recently been confirmed mde- 
pendently^‘^k The fact that the capacity of a molten single- cr\>t.d for accepting an 
orientation different from its jirevious one on inoculation with a new seed crvsp il 

• 'rhe author found recently lh.it pure K- lffni in sh.ires iIun pi'>}>ert\ to .1 reni iil. ihle e.\fen(. 
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depends on the degree to which it was previously superheated, points in the same 
direction. Sin^r phenomena are well known to occur for liquid crystallme sub- 
stances at the transition from the solid inW the snriecdc state<'°h 

Veiy- little material is available concerning the degree of a br i ^itoe ss with whic 
the physical qualities of a crystal, characteristic of its solid state, disappear when 
fusion sets in. The nature of the phenomena to be expected is such that one would 
think them most likely to be overlooked if no special care were taken to keep the 
crystal “ latent ”. Only the experiments of Soroosi”), concerning the disappearance 
of' the thermo-electric e.m.f. of bismuth crystals, strengthen the assumption that the 
configuration which causes this property to be different from that for the liquid 
state survives the fusion to a certain extent for several degrees. He found that the 
e.m.f. characteristic of the solid ciystal does not change discontinuously into the 
e.m.f. of the liquid but that this transition is gradual and is spread over a temperature 

range up to 8^ above the melting point. 

Into the same group fall experiments ^vhich deal with the possibility of changing 
the physical properties of an anisotropic metal by studying its c rys^ll i zation i n _a 
magnetic field. It has been known for a long time that under such circumstances 
these crystals show an orientation in which the most paramagnetic direction o t e 
ciystal is oriented parallel to the lines of force of the magnetic field('"’'3). In recent 
years we*'-i' ‘5> have tried to study such phenomena under more controlled conditions, 
and it was found that it is actually possible to obtain single crystals with different 
properties (thermal e.m.f., electric conductivity, density) if one half of the crystal 
is grown within, and the other outside the magnetic field, although the external 
appearance does not show any ciystallographic difference between the two halves. 
.\lso this indicates that the crystal must have existed before it became rigid, since a 
directional effect upon the crystal can only be impressed upon it by a magnetic field 
if an anistropy exists which cannot be present in a liquid in which all the molecules 
are free to move independently of each other. The obiection b<>> that the difference can 
be ascribed to some kind of plastic d eformatio n caused by the ponderomotive forces 
of the magnetic field can be met, however, by the argument that the absolute values 
of the susceptibility are so small that, within the range of fields used, the forces must 
remain far below the elastic limit of the crystal near the melting point. Thus it on y 
seems possible to assume a plastic deformation of the liquid, i.e., of the 
before they reach the rigid state. Again, we have here a direct analo gy wit t e 
behaviour of paracr\’st alline liquid s, where it has been shownC’) that the alignment 
of the molecular swarms can be influenced in a similar way by a magnetic field. 

The chief experimental evidence against the existence of such groups in the 
immediate neighbourhood of the melting point was the fact that it was impossible 
to obtain X-rav patterns which indicated more regularity than the usual statistical 
arrangement of molecules. The following arguments, though, can be brought against 
the validity of such evidence ; it is known that the geometric arrangement of mos 
metals in 'the solid state is that of a statistical— close packed— agglomeration of 
atoms which varies in general only very little from the ideal configuration of packing 
for spherical molecules. We should thus not expect to find a large change even it the 
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atoms were agglomerated in some form of paracrystalline configuration. An excep- 
tion of course is formed by metals which in their solid state differ largely from the 
statistical arrangement, such as bismuth, arsenic, antimony, gallium, tin indium, etc. 
and It has actually been found for tin and gallium that close to the melting point, the 
intensity distribution tor the molten metal differs from that indicating^the simple 
statistical distribution. In the case of gallium the periodicity was found to fit even 
better with the structure of the solid state<'8. ■■»*. Unfortunately there is no experi- 
mental material available yet for molten anisotropic metals close to the melting 
point, except those mentioned. 

Summarizing this set of phenomena, it can be said that they necessitate the 

assumption of a persistence of the crystalline structure beyond the fusion of the 

crystal, which in turn necessitates the assumption that a crystid cannot be formed 

wathout the preceding formation of such paracrystalline agglomerations. However, 

the material is exceedingly scarce and the e viden ce can certainly not vet be called 
co nclusiv e. ’ " ^ 

On account of the greater accessibility and the seemingly more general interest, 
our efforts have mostly been directed towards tracing group phenomena i n the solid 
st^. As has been discussed at the beginning of this paper, the effect of the last 
traces of impurities in small concentrations proves to be of assistance, in a similar 
way to the dye in biological microscopy. Two conditions have to be fulfilled, viz. 
the impurity must be soluble within the range of concentration used, and the 
concentration must be so small that a volume eflect is not noticeable (i.e. i ; loo to 
1 . 40,000). As indications for the effect of foreign atoms in bismuth crvstals, we chose 
the magnetic sus_ceptibility, the co nducti vity and the thermoelectric e.m.f. Several 
hundred crystals were grown and several thousand obser\ations were taken of the 
susceptibility in different directions in the crystal in the range from liquid air 
temperatureto the melting point, asa functionof theconcentrationof theimpiirity and 
of its relative difference in the electron configuration to the bismuth atom^-o*. f rom 
the standpoint of group phenomena, the interesting result is that we find a nitical 
coHcentrotioH of the admixture, below which the specific effect of the foreign atom is 
from ten to one hundred times larger (depemiing on temperature and t\ pe of .im- 
purity) than above. 'I'his apparently has to be interpreted a-..m indieation tliat below 
the c ritical concen tration we are dealing with ajuirface etKxt, whereas for liiudiLT 
concentrations the^iisTial v olume etfej^t sets in. 'The authors luue thus suggestetl tliat 
the foreign atom is absorbed at the internal surface of the cr\ stal and that the critical 
concentration is reached when the internal surface is saturated, i.e. when, according 
to the picture outlined above, the group boundarv is populateti b\' foreiiiuers to 

such an extent that the loss of stabilitv caused bv a further insertion of loreiLUiers 
• * • ' 

into the boundary equals or exceeds that due to absorption into the xolume of the 
group. According to expectation, the critical concentration is e\ceedmgl\ well 
defined at low temperatures, and its value pro\es to be reproducible aiul inde- 
pendent of the conditions of growth of the crvstal within the a\aiLible \ ariations. 
The values for the critical concentrations were foimd to l>e: ca. o oq per cent atoms 

* I he author found recently that pure gallium sh.irc' this propcriv (■> a rvniailvahk' e\tem. 
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for tellurium, 0-3 per cent for tin, 0-9 per cent for lead and selenium. It is seen that 
these concentrations are not only far below the limit of volume solubility as indicated 
in the phase diagram, but also that there exists a proportion_dity between the gjitical 
con^eniration of an element a^ its saturatio n in the crystal, e.g. the phase diagrarn 
indicates that the solubility of tin in bismuth is approximately one-third of that of 
lead in bismuth (1-7 and 5-3 per cent) and the same ratio prevails between the respec- 
tive critical concentrations. Since the volume solubility of a foreign atom in a crystal 
can be taken as a measure of the increase of t otal free energ y of the crystal on the 
insertion of the foreign component, a similar respective increase will be effected by the 
adsorption at the group boundar>^ ; thus, for instance, one tin atom will cause as much 
disturbance in the boundar)^ as three lead atoms, and consequently the critical con- 
centration of tin will be one-third that of lead. If the group boundary is thus 
saturated, the effect upon the cr\-stal is perfectly definite and there is no possibility 
of deciding from the physical properties of the crystal whether it contains tin as 
foreign admixture or lead in three times the concentration. The existence of such a 
critical concentration points defi nitely towards the existence of grq\^ s _Qf approxi - 
rn^el v especially since the volume of the groups calculated under the 

assumption of a monomolecular population of the group boundary by foreigners at 
the critical concentration, proves to be of the same orde r of magnitude ^ the one 
calculated from the above mentioned experiments on p rimary etch pjis . It amounts 
to to 10-^^ cm? The c omplexity of these phenomena is greatly increased by the 
fact that foreigners such as tin, which are left-hand neighbours to the crystal atom 
(bismuth) in the periodic system, affect the crystal in a crystallographic direction 
opposite to the right-hand neighbours, e.g. tellurium to bismuth. For such details 
reference must be made to the original publication^''°>. Measurements on the 
localization of traces of polonium dissolved in bismuth crystals^^*^ support this point 
of view inasmuch as a distinct statistical crowding around a definite distance (o-54/x) 
between the loci of high polonium concentration along [i 1 1] was found which is in 
excellent agreement with the distance of the (i 1 1) layers measured microscopically. 

If the group boundary is the locus for a disturbance of the continuity of the 
space lattice, we should expect it to affect the th ermal dilatation of a crystal in a way 
which is accessible to experiment. It is known that the thermal dilatation is de- 
finitely a co-operative phenomenon, i.e. that to produce a large thermal expansion 
it is necessarv to have a large number of atoms in good geometric configurati^, 
whereas a disturbance of this array will cut down the expansion accordingly. e 
should therefore expect that the region across the group boundary would not 
contribute to the thermal expansion of the whole crystal, especially at hig er 
temperatures in the presence of impurities, since here the region of disturbance \vi 
penetrate far into the individual group. If we thus compare the thermal dilatation 
measured with a sensitive dilatometer over the whole length of the ciy'stal, with t e 
increase of the lattice parameter, the temperature coefficients should be systematically 
different, since the disturbed regions are not recorded by the X-rays, whereas the 
dilatometer integrates over the cr>'Stal as a whole. Thus the lajtice expansion 
come out to be l arger than the i ntegral expansion. The first measurements of this 
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kind were performed in our Iaboratory(-^.-3) on bismuth crystals containing o-i per 
cent impurities and a ver)' large divergence was found between the two kinds of dilata- 
tion; later, Jay (^4) determined the thermal expansion by the powder method on very 
pure material and came to the conclusion that this divergence was very small if it 
existed at all. In continuation of the original experiment our previous results were 
checked during the last few years with more refined methods, especially with regard 
to the integral expansion, and the exact quantitative analysis of the content of foreign 
atoms in the crystal (25.26) ^ partial agreement with Jay’s results could be obtained 
inasmuch as it was found that for very pure material (99-998 per cent or better) the 
divergence mentioned disappears for high temperatures owing to a change of the 
macroscopic (integral) expansion. This indicates clearly that the disturbance by 
impurities must take place in discrete regions of the crystal and not in the volume. 
The present experimental material seems to justify the assumption that it is uot 
possible to aflFect the lattice expansion by the insertion of foreign atoms in con- 
centrations of the order of the critical concentration. For the details also in this case, 
reference must be made to the original publications. 

Another way of approaching the nature of group phenomena experimentally 
has already been indicated. If the stability of a crystal depends on its size, in the 
sense that a cr\^stalline agglomerate of a small number of molecules (.V V) has a 
stability difFerent_from a crystalline agglomerate containing a larger number of 
molecules (iV yV), we should expect certain types of physical p roperties of the 
crystal to become dep end ent qry^the size of the crystal as soon as its magnitude 
exceeds the critical magnitude (.\ .\). It is obvious that these types of property 

would be identical with those affected by the insertion ot foreign atoms in the crystal, 
e.g. the crystal diamagnetism, conductivity, Peltier effect, integral expansion. On 
account of expe rimental difficul ties, only the susceptibility has been investigated so 
far, and during the last three years, methods have been developed at our laboratories 
to render the measurement of such qualities accessible to experiment. The early 
work in this field performed in lndia(27-^''** has already given clear indication that the 
susceptibility of colloidal suspensions of graphite, bismuth and antimony becomes 
definitely dependent on size when the particle size becomes of tiie order of 10 ‘ cm. 
One of the main s ources of error in the exact determination f)f this si/c lunction lies 
in the anisotropic qualities, and the large error whicli results iVom measuring with 
a large jiurnber o f particles which, owing to tlieir non- spherical sliape, arrange them- 
selves a ccording to a sta tistic al la w. We have avoided this ditlicultv lyy producing 
suspensions of crystalline particles in which the particles are all fi xed \n a cr\si<illo- 
graphically parallcj position to each other, so that their physical pro|H*riies can be 
measured in different directions with resjiect to their crssial onentatioid^*'- lo-o) 
The prin cipal difficulty in these experiments lies in the c\a<.i tletermination of (he 
•si ze func tion : if_ the dependence on size were causi-il bv a surfac e elhxt (e.g. 
adsorption of paramagnetic O^. in case of a diamagnetic Misceplibilitv of the crv>ial), 
the size function should follow a hyperbolic law. >inc\ the •.ii,imagneti''m .-'hould then 
decrease inversely proportional to the diameter of the j>vUiie!e, wherea-^ the e\isienc<* 
of a critical size should he indicated under sutlieientb t <'pi > • 'Ih ' ' experimental 
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conditions bv a cunx which approaches a pronounced break when this magnitude 
is reached. The experiments of the Indian authors so far indicate a hyperbolic 
function, whereas our results on veiy' carefully purified material and a small margin 
of particle size, point definitely towards a larger change in the size function in the 
critical region than can be described by an hyperbola. It could be proved especially 
that there is no dependence on size for particles above 5 x lO"^ cm. diameter. 

A cr ucial experim ent to decide be tween a mere accidental surface phenomenon 
and an in nate prop erty of the crystal is seen in the measurement of these properties 
at different temperatures, especially^ in the lower t emperature region, since it is to be 
expected that surface adsorption would change the size function considerably with 
temperature, whereas the size of the group should obviously stay unaltered. Experi- 
ments of this kind are in progress but have not yet yielded definite results. 

In conclusion, the picture derived from the group hypothesis may be recapi- 
tulated : Before entering the solid state in crystalline form, a metal has to go through 
a paracnstalline interphase in which molecular groups are formed, inside which 
the geometric configuration is already close to that of the solid lattice. The size of 
these groups is a physical constant of the crystal and lies between and lO"^® cm? 
The boundaries of these groups may give rise to discontinuities in the solid crystal. 
Furthermore, these boundaries form an internal surface of definite area in the large 
solid crystal, on which foreign atoms are adsorbed as long as their concentration is 
smaller than the concentration needed for saturating the surface. This concentration 
is called the critical one and is reflected in the concentration diagrams at low tempera- 
tures by a sharp decline of the specific influence of the foreign atom upon a number of 
physical qualitiesof the crystal. Thiscritical concentration is a constant characteristic 
for any combination of totally or partially soluble metals. 

Whereas it cannot be denied that the experimental support for this hypothesis is 
still very meagre and mostly of circumstantial nature, and that it is collected from 
metals generally considered to have unusual properties, it seems to us that already 
there exists sufficient material which does not lend itself to an interpretation along the 
traditional concepts of the formation and the constitution of a metallic crystal. The 
attempt to interpret this material by means of the above hypothesis is admittedly 
primitive and in many ways much less detailed than other attempts to describe 
discontinuities in non-metallic crystal lattices. It is also probable (even most 
likely) that a good deal of the elements of this hypothesis can be found in the theories 
of other authors. The justification of this exposition should thus be seen only in the 
attempt to point out a number of experimental results and to describe them as 
consistent with the picture to the composition of which a minimum of purely 
hypothetical material had to be used. 
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ABSTRACT. The discrepancy of the order of 500 times between the theoretical values 
o\ tensile strength and the values normally obser\'ed is recalled, and it is pointed out that 
am orphous substanc es show a similar discrepancy. 

Two kinds of rupture are distinguished: (i) plastic rupture, in which there is a reduc- 
tion of area at some point before fracture occurs; (2) brittle rupture. 

The influence of plastic deformation on strength is then considered in some detail. 

Brittleness occurs if the elastic limit increased either by previous plastic deformation or 
by lowering of temperature reaches the practical tensile strength. Two types of explanation 
have been put forward to account for this: (a) internal faults and (i) surface crevices. 

Many experiments proving the importance of surface conditions are next described, 
among them that of di ssolving the surfa ce of rock-salt in hot water during the loading 
experiment; this r aised the strength t wenty time s. 

The conclusion reached is that the practical weakness is due essentially to the sharp 
discontinuities present on the siirfare 


§1. TKNSILE STRENGTH AND MOLECULAR COHESION 

Tensile strength may be regarded as a measure of the mol ecular force s holding 
a material together. However, it is well known that the mechanical strength is 
usually many thousand times lower than would be expected from the theory of crystal 
lattices. This disagreement is easily explained by a closer examination of the 
mechanism of rupture. The l ocal stre ss at the region where rupture takes place is 
always many times gr eater than the mea^ value over the whole cross-section. The 

that this is the case is provided by the splendid experiments of 
Qxiffilh. on the influence of discontinuities on the tensile strength of glass. 

1 here are various reasons for assuming that the real molecular cohesion 
greatly exceeds the average stress during rupture. 

(1) There is the disagreement that exists between theoretical and practical 
values (for rock-salt 200 kg./mmr and 0*4 kg./mm?), while the ordinary lattice 
theory gives quite consistent results for the energ}^ of the crystal. 

(2) R upture is often obserx’ed in that stress region w here Hookers law still 
obtains, while any theory of molecular forces would predict that the maximum 
stress leading to rupture would be reached gradually. The modulus of elasticity 
as a derivative of stress upon strain must reach zero value at the maximum value 
of the force of cohesion. 
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(3) While tensile strength has a definite value as measured by the usual method 

It may change many-fold if the test conditions are altered. Measured in hot 

water, the strength of rock-salt increases from 0-4 to 10 kg./mm? (Joffe, Levitskaya 

and others^ protected from surface crevices, the strength of glass increases ten 

times (Griffith); mica stretched m such a way that the edges remain stressless, 

increases m strength from 30 to 300 kg./mmr (Orowan). In all these cases only the 

surface conditions were specially selected, while nothing was changed in the interior 

of the body; the average atomic distance as determined from the densitv gave the 
usual value. 

1 he problem of practical weakness of materials is not confined to crystal 
lattices. Amgrt^hous glass shows the same discrepancy of practical weakness and 
theoretical strength and the same large influence of surface conditions. We shall 
however consider crystals in the first place. 


§2. PL.ASTIC RUPTUKH 

It will be useful to distinguish two kinds of rupture, plastic and brittle, dlie 
first type is usually manifested by a reduction of area on some cross-section w here 
final fracture occurs. 1 he second type occurs without appreciable plastic defor- 
mation. We may obtain b oth kind s ot rupture on the same material by varying the 
r ate o f l oadin g. 

The general case is the rupture ot a crystal which has previously been deformed 
plastically. The elastic limit ot a single crystal is verv low. Kirpitcheva, Levitskaya 
and myself first found, using X-ray methods, a value for rock-salt of 920 gm.^mmr 
at room temperature, decreasing at the melting point (800° C.) to zero. At this 
stress of 920 gm. /mmf we observed a change in the Lane diagram. ICvery spot (except 
one) became double; at higher loads it became JivTded into a series of spots 
changing the Laue diagram into a system of “ tails instead of s ingle s pots . We stated 
then, that this limit corresponded to a flow of the crvstal and not to the first change 
in the lattice. Measurement bv a mechanical device reduced the observed value of 
the “elastic limit” to 200 gm. mm:; an optical metiiotl develojK-d bv Obreimov 
(the appearance of double retraction along the glitiing planes) gave a still hnver value 
of 70 gm. mm: By caretul annealing of both [>ure artilieial aiui natural crv^lals, 
Classen-Nekludova was able to observe the first fringe ut liouble retraction at 
9-10 gm.;mm? 'I'he same value has been fotmd bv l^)dashevski using the change of 
photoelectric current produced bv plastic deformation. 

1 he elastic limit of carefullv prepared single metallic crystals is et|uall\ low. 

It increases rapidly as |■)lastic deformation proceetU up to the point w here (.onimuous 

flow commences. Our opinion, that a high elastic limit ior .shcaiing Nlie.''se'^ 

characteristic of a solid body and distinguishes it from a litjunl, i> iouiKK-d on the 

study of glasses, polvcrvstalline materials and crv'-lal.-^ whitli have been pre\iousl\ 

plastically deformed. A crvstal lattice, as such, i i li.n at i». ri/ed bv a \cr\ low 
* • • • 

elastic limit. 

When plastic deformation precedes rupttire, the ine.hanKa! gropcrMe" ol the 
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cn'stal are thereby changed. We shall consider what influence the phenomenon of 
plastic deformation has on strength. 

In 1918, Kirpitcheva and myself* showed that the plastic deformation of a 
rock-salt cr}^stal leads to dis tortion of t he crystal lattice along^definite crystalline 
p lanes. By slipping and twinning on these planes, the crystal becomes divided into 
a large number of pieces, neighbouring pieces having relative orientations. Obreimov 
and Shubnikovf, using double refraction methods, have measured the stresses 
existing at the boundaries of the pieces and found tensile and compressive stresses, 
on opposite sides, of intensities up to 10 kg./mm? The pieces are thus in equilibrium 
(MasingJ). Investigating carefully the mechanism of such plastic deformation, 
Classen-Nekludova§ found the phenomenon of deformation (first observed by 
P. Ehrenfest and myself), to consist of multiples of unit shearing motions, each 
consisting of a large number of such unit slips. A theory of this phenomenon has 
recently been given by Orowan||. 

Stepanov^ suggested that the energy developed at a thin boundary layer during 
the short time occupied by a slip or “jump*’ ought, t emporarily, to raise th^ 
temperatu^ ejp f the layer. He seems to have confirmed his assumption by the 
obser\'ation of a temporary increase of conductivity of rock-salt crystals along the 
gliding surface during a plastic deformation. If in other crystals the melting point 
was not reached, a considerable change of temperature manifested itself by the 
appearance of new high temperature manifestations such as annealing, recr5'Stal- 
lisation, etc. 

Thus plastic deformation possesses many features which tend to obscure the 
real strength which Stepanov assumes is developed at rupture. 

(1) During the short period of slipping, the cohesi on in the boundary layer 
involved is greatly reduced, possibly even to the value for the liquid state as given 
by the capillar}' constant. Discontin uities may be formed during this period, 
especially at higher temperatures near the melting point of the crystal. 

(2) 1 he sliding produces, inside the crystal and on its surface, discontinuities 
which may act as “ crevices ’* and reduce the strength. This efTect seems to be most 
irnp ortant at ave rage temp eratures. 

(3) B oth layer s adjacent to a boundary of a region of slip are left in a s tretched 
or coin pies^ed state. Stresses much larger than the practical strength disappear at a ^ 
rate which falls with decrease in temperature. They are added to the elastic stress 
produced by external forces and lead to a distortion of the crystal. Those stresses 
are especially dangerous at low temperatures. 

Contrary to Stepanov’s theory, we are accustomed to consider that p lastic 

increases tensile strength; but the influence is s econdary . Plastic 
deformation increases the elastic limit mainly by a distortion of the regularity 
of the lattice . Up to a new enlarged limit no sliding occurs and therefore there is no 
chance for rupture. Increasing the amount of slip results in the production of 

* Phil. Ma^. 43 , 204 (1922). f Z. f. Phys. 41 , 907 (1927). 

X Erg. Exakt. Naturuiss. 2 , 206 (1923). § Z. f. Phys 55 , 555 (1929). 

Z.f. Phys. 89 , 634 (1934). ^ Sotc. Phys. 2 , 26 (1932). 
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increasingly large stresses and discontinuities until at some point (most probably on 

the surface) the theoretical strength limit is reached. The development of such a 
discontinuity leads then to rupture. 

Amorphous bodies such as resins, glasses and varnishes do not show any 
influence of plastic flow, either on the elastic limit or on mechanical strength. 


§3. BRITTLF^ RUFTURF-: 

If the elastic limit increased by previous phistic deformation (rock-salt) or by 
lowering of temperature (quartz) reaches the value of the practical tensile strength, 
the material becomes brittle. Rupture occurs either without any plastic deformation 
or at the first sliding; the observed strength is, however, much lower than the 
theoretical value. Two different explanations have been proposed to explain this 
discrepancy: internal faults (Smekal's “ Lockerstellen ” and Zwicky’s “secondary 
structure”) and surface crevices (Griffith, Joffe). There is no doubt that some kind 
of internal faults may act in just the same way as surface crevices (less dangerous, 
however, because the concentrated edge stresses may be lowered by plastic flow 
of the material and changed to a more uniform distribution). Sharp edges of a 
crystal included in a metallic body will probably also decrease mechanical strength. 
However, whether or not irregularities are produced by heat motion during 
crystallization, the frequently observed mosaic structure of a crystal would have 
the opposite effect. As such irregularities render gliding on a crystalline plane 
more difficult, they increase the elastic limit and therefore ought to increase the 
strength. 

In the case of rock-salt, two experiments were performed by Levitskaya and 
myself to demonstrate the importance of surface conditions. Dissolving the surface 
by hot water during the loading experiment, we found strengths exceeding the usual 
value by a factor of twenty or even more. Many objections were raised against the 
conclusion drawn from our experiment. Polanvi ascribed both the high strength 
and the exceedingly marked plasticity to a lowering of the elastic limit bv water. 
But no change in the clastic limit was found on careful measurement. Smekal in 
his first paper on this subject, and later barnes, assumed that the penetration of 
water inside the crystal through narrow canals makes the gliding easier and leads 
to an increase in strength. (hAperiments carrietl out under SmekaTs direction 
changed his opinion.) 'I'his assumption however is in contrast with our obser\ ation 
that a saturated solution of salt has no influence at all, while it is clear that the 
water inside the rock-salt crvstal must be saturated in an\ ease. .\ direct tiisproof 
of the water penetration explanation was given bv ( 'lassen-\ekhKlo\ a. She protected 
a small strip of the crystal bv vaseline. Notwithstanding the lacl diat praeiically the 
whole surface, except the small strif"), was dissoKetl to a large degree in hot water 
and the penetration of water in the crvstal could, and probably did. proceetl ju>t 
as easily as without the protecting strip, the strength obserwd was the -trengih ol 
a dry crystal. Thus it was shown that the smallot dry '•pot on the run laci* m<iv l)e 
responsible for the practical weakness of tlie whole cry'>ta!. 




In our second experiment we used a sphere of rock-salt cooled carefully at 
liquid air temperature and then suddenly plunged into hot water or into molten 
tin. (Griinberg’s calculations of the distribution of heat and stress show that 
after 1-2 seconds the central part must be stretched by the heated outside layer, 
while the outside surface is still unstressed.) 

Neglecting the plastic stretching of heated sheets, we should expect a uniform 
tensile stress of about 70 kg. /mm? at the centre of the sphere. The plasticity of 
the warmer part will somewhat decrease this value, but it certainly exceeds the 
practical strength many times. 

Still more conclusive are the experiments of Orowan on mica. Applying a tensile 
stress to the middle part of a plate of mica in such a way that the edges were practically 
unstressed, Orowan obtained values for tensile strength exceeding by ten times the 
strength obtained in the case where edges were involved. In a second experiment, 
Orowan observed that sheets of mica without crevices on the edges and giving a 
high strength, had a very low acoustical damping and emitted a clear sound. The 
same sheets with crevices on the edges gave a dull clang and had a low strength. 

The influence of surface conditions was similarly found by Davidenkov and 
Wittmann on polycrj^stalline steel. Measured by a pendulum blow, they found 
a definite temperature (about — izo^ C.) where the brittle rupture changed to a 
plastic one. This transition point (which is the crossing point of the strength curve 
and the elastic limit curve as functions of temperature) decreased by 20° C. if the 
surface of the steel sample was polished or etched. It means that the tensile 
strength was increased by the remov'al of surface discontinuities. 

The theor}' and well-known experiments of Griffith on glass also afford 
evidence of the influence of surface crevices on the tensile strength even for amor- 
phous materials. 

All the experiments described lead us to the conclusion that the practical weak- 
ness is principally due to sharp discontinuities mainly present on the surface and 
cannot be ascribed to small internal faults, “ Lockerstellen ” mosaic structure, or 
the like. In special cases only, there might exist an internal discontinuity of the 
same kind as a surface crevice. 

Internal faults of a real cr^'stal are however important for the mechanical 
behaviour as they increase the elastic limit and thus change the distribution of 
concentrated stresses responsible for the rupture at low temperatures. On the other 
hand, initial irregularities may lead by a plastic gliding to a sharp discontinuity on 
the surface, where the breakdown starts. 
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ON THE MECHANISM OF BRITTLE RUPTURE 

By a. JOFFE 

Physico-Technical Institute, Leningrad 

ABSTRACT. A considerable amount of experimental evidence is collected together to 
show that the weakness in tension of substances such as glass and tjuartz is due to irreeu- 
l^ities_^oa the surface. Thus it is well known that the strength decreases with increasing 
thickness; it is now shown that dissolving away a layer from the surface of a glass rod has 
the same effect as drawing it down in a gas dame. Again, the effect of the absorption of 
different vapours on the surface has been investigated. Other experiments show that 
irregularities of the kind postulated are distributed throughout the volume of the material, 
but that they only become harmful to the strength when they reach the surface. 

The statistical distribution of strengths among a number of individual samples is in 
harmony with the theory, as also is the effect of altering the length of the sample. 

The highest value found for the strength of rock-salt is i6okg./mm: as against the 
normal value of 0-4 and the theoretical one of 200. 


It has been shown that the surface has a deciding influence on the tensile strength 
both of single crystals and of amorphous hodies/l'he best way of studying the physical 
nature of this influence was an investigation of thin sheets and thin fibres, which 
was carried out by Jurkov and Alexandrov and gave valuable information on the 
appearance of cracks and discontinuities leading to breakdown. 

Since the work of Kwinke it is well known that the tensile strength of thin 
wires increases as the thickness decreases. I'he dependence of the strength P on the 
diameter r of the wire can be represented by the formula 

b 


a + 


y 


just as if the whole load were partly carried by the c ross-secti on and partly b\- the 
p erimeter . Kwinke assumed that the second etlect was tine l(j the surlace tension 
of the solid wire. However, the e\]>erimental \ ahie ot this ellect came out about 
one thousandfold the real surface tension. 

Griffith then assumed tliat a thin s heet of or ieiUeti molecules covers the surlatx' 
of a glass fibre and has a very imKh lut^her stiynutji than tiortnal I his \ ieu 

seemed to be supported by expenmeniA (tl Kemkober, v. bo lountl an increase ol 

clastic modulus for thinner glass tibres. 

Jurkov was able to show that Reinkober's resuh^ uerc due to an cxpenmental 
error. Measuring the stretching ol a tibre, K- ankober negletted the th^placemenl 
of the suspension point, d'he m odulus ol •jki-''' auH ijuaii/ came out neorou^h 
independent of the thickness, when thu erroi wa^ ccuTectvd. 
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The following experiments give a conclusive disproo f of Griffith s hypothes i s - 
a glass rod of about i mm: cross-section was etched in a solution of fluoric acid 
down to a diameter of 6o fi. In spite of the removal of the thick surface layer which 
had been held responsible for the abnormal high strength, the t hinner filamen t had a 
s treng^ 3 t o 5 times large r than the thick rod. The strength of filaments prepared 
by solution of the surface layer was just the same as that of filaments of the same 

thickness prepared in the usual way in a gas flame. 

The influence of the surface has been best demonstrated by absorption of 
different vapours on the surface of glass and quartz filaments. Compared with a 
dry^ surface strained in a good vacuum, filaments decreased their strength by 
about fivefold in water vapour, about threefold in alcohol and twofold in benzol 
vapour. It was also shown that more than one molecular layer is necessary to 
produce the whole effect. 

Dissolving a few microns of the surface layer in fluoric acid, Jurkov found a 
manifold increase in strength for any thickness of the filament. The dependence of 
the strength on thickness remained of the same nature both for normal and for 
etched glass and quartz filaments. 

It was thus obvious that the usual weakness of glass and quartz was due to 
sharp irregularities on the surface of filaments. The next question was whether 
any such irregularities existed inside the glass rod. The tensile strengths of glass 
filaments have been measured during the process of solution. If faults of the same 
sharpness were distributed through the whole cross-section, then after a certain time 
some of them must appear on the surface. As the smoothing of such faults takes 
place gradually and slowlv, while the elastic stresses appearing on a sharp end of 
a fault spread out with the velocity of sound, we should expect that this would lead 
to rupture just in the same way as without dissolving. In fact there was no differ- 
ence between an ordinary filament loaded in air and a dissolved filament loaded in 
the fluoric acid solution. Even a filament made strong by etching in fluoric acid 
regained its initial weakness as soon as it was plunged into the same solution. 

We conclude from these experiments that faults of the kind responsible for the 
rupture are distributed throughout the bulk of glass and quartz. They become 
dangerous however only on reaching the surface. 

I'he mechanism of the growth of surface crevices was studied by Grebensh- 
chikov who showed that the surface of glass is usually covered by a colloidal sheet 
which swells on absorption of water. In a crevice, the swelling of colloidal silica 
thrusts the walls asunder and produces a quite measurable stress which was 
directly observed by Grebenshchikov. In this way every surface crevice is already 
stretched to a high degree by the colloid ; it takes a small additional load to let the 
crevice grow. 

The point of view developed so far does not explain the existence of a definite 
value of mechanical strength for every material. We should expect the initial 
irregularities, which give rise to a surface crevice, to be of different sizes and shapes. 
According to the nature of the initial crevice, the stress necessary to cause it to 
spread would be different. Thus all strengths, up to the theoretical strength, should 
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Just as in the case of Brownian molecular movement, the statistical character 
o heat motion becomes evident only for very small particles, and statistics of 
s rength can directly he shown on small samples. The shorter and thinner the 
glass filanaents, the larger the fluctuations in the value of strength. .Among loo 
samples of pyrex glass about loo^ thick, i had a strength of 12 kg. mm= 4 of 

15 •g./mm-, 14 of 17 kg. mm-. 20 of 20 kg. mm:, 27 of 25 kg. mm:, ’18 of 
27 kg /mmr, II of 30 kg. mm^ 4 of 35 kg. mm: and i of 43 kg. mm- 

Fluctuations were large in glasses of complicated chemical composition and 
much smaller in pyrex or in quartz filaments. The number of samples of a given 
thickness plotted against the value of strength always gave something like a Gamss 
error curve, which has nothing to do with experimental errors. 

The natural hypothesis which explains these observations easilv. assumes a 
variety ot faults inside the body. When they reach the surface they give a variety 
of discontinuities with differing influence on the strength. 'I’he most dangerous 
crevice only is responsible for the observed strength. It is of course natural to 
assume that the probability of a fault of given sharpness increases with decrease in 
the size of the fault; thus, there are few very dangerous faults. Loading a big rod 
with a large surface we expect a large probability of encountering such a fault; 
the obser\'ed strength is therefore always small and most probably of about the 
value given by the worst faults. 'I'he thinner the filament tiie smaller is the prob- 
ability of a really dangerous crack on the surface. .\s the surface decreases, the 
most probable faults become smaller arul smoother, and the discrepancy between 
the observed and the theoretical strength becomes less. Hut even among the thinnest 
filaments there are always found a few samples of much smaller strength. It is clear 
that the largest possible size of a crevice is limited by the size of the filament. 
Larger faults have already destroyed the sample before it can arrive at its final 
thickness. It appears that the fluctuation for the thinnest filament does not reach 
exactly the lowest limit of a large rod. 

From this point of view the length of a filament ought to ha\ e the same influence 
as the thickness. 1 he probability ot a gi\en strength is given 1>\ the w hole surface. 
In fact the average strength for loo/t filaments alxmi 5 cm. long was 4a kg. mm:, 
uhilc for 9 cm. it came down to about jg kg. mmr; tor aoo//. short tilaments we 
found 22 kg./mm: and, tor long ones, less than 15 kg. mm: 

1 he average strength of glass filaments tor a given thickness is iiuiependent of 
temperature up to the temperature wliere glass t>ecomes pke-tic (400 600 C l-'rom 
this point the strength decreases and at the ^anu* time fluctuations in the \alue^ of 
strength become smaller. I’he brittle rupture ot gl.t^s chimee> into a plastic rupture. 

If the explanation given above is correct, we mav conclude that ilic )nglu->t 
values of strength found for the thinnest filament-' or tor an arranc'einent where 
surface crevices are avoided or made inellcctive, nui-.t .ipproa* li the theoretical 
value. It is, therefore, ot interest to compao- the inehe''t nu-a-ured valin- witli the 

expected. 
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For rock-salt in hot water we have often found lo kg./mm?, in a few cases still 
more— 30 and 160 kg./mm:; Piatty observed values of the same order or still higher, 
while the values of Smekal and his school are somewhat lower (5-6 kg./mm?). 
The theoretical value is about 200 kg./mm? and the normal one 0-4 kg./mm? It 
is cjuite probable that the rupture of rock-salt is a plastic one. For thick sheets of 
mica, the highest strength observed by Orowan was 320 kg./mm?, while the usual 
value is 25 kg./mm: For thin sheets Walter found values up to 500 kg./mm? For 
thin quartz fibres, Jurkov found about 2,000 kg./mm: instead of 100 kg./mm?; for 

thin glass filaments 400 kg./mm: instead of 10 kg./mm? 

These figures seem to show that the theoretical value of mechanical strength 
may be correct. The practical weakness is sufficiently explained by the Griffith 
crack theory. The statistical nature of the real strength is in good agreement with 

this theory. 
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THE RUPTURE OF PLASTIC CRYSTALS 

By E. OROWAN 
Budapest 

Sensitive processes start from nu^i (e.g. Griffith cracks for niptore or 
dust partic es tor condensation of a vapour). Their sensitivity is caused by two circum- 
stances. (1) The intensity of the external intfuence (e.g. load or supcrsaturation as the case 
may be) neces^iry to start growth trom the nuclei may depend considerably on their size (or 
quality). (2) The whole process may be initiated by a single nucleus or a few nuclei.— An 
important difficulty of the crack propagation theory hitherto has been the enormous'crack 
le ngths .reau i red by the G r i ffith form ula for explaining the technical strength of plastic 
crystals. Besides the statical notch- effect considered by Griffith, there exists, liowever, 
another possibility for the development of cracks by means of plastic slip . By taking tliis 
into account, the necessity of assuming unduly large crack lengths can be avoided. Thus 
the crack propagation theory is to be regarded as satisfactory. On the other hand, proofs 

are given showing that n^econdary or b kck structure explanat ion of the technical tensile 
strength is possible. 




1 HE c lassical physics of crystals deals with properties which are remarkably 
i nsensitive ^ impurities and physical defects, 'I'lius even if a crystal, embedded in 
a rock, has suffered considerable alterations by plastic flow of the rock masses, its 
refr active ind ex and density remain so uninfluenced that very important methods 
of petrographical analysis can be based upon these properties. 

It is easy to understand why these properties are so insensitive. 'I'liey result 
from addi tive contribut ions of all lattice partic les; now if the contribution of an 
anomalous or anomalously located particle is of the same order of magnitude as 
that of a normal one and if, besides, the number of anomalVxiis particles is not too 
large, they cannot sensibly influence tlie i>roperi\. \ 

On the other hand, the additivity of a property not sufficient to make it 
insensitive if the contributions of the anomalous particles are of a higher order ot 
magnitude. Such a case is represented, e.g., bv diffu sion in a crssial. Here the 
particles are held fast in their places b\ [potential barriers; in order to take part in 
diffusion they must first be set free. If this is effected bv thermal aLutati(Ui, tiu'ii 

number of particles made available lor diffusion during a certain time is gi\en 

/•; 

by the Boltzmann expression e , where /:' is the heiglit of the potential liarrier. 
This expression in general also determines the irUensiu of dillu'-ion. l-'or j)arricle-' 
which are anomalously located (e.g. at an internal >urt'ace) the potential i' 
generally lowered, though it remains ot tlie sam«- order ol maL'miu.le. It, liowexer. 
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the t emperature is low enough , then the absolute value of the exponent in the 

V Boltzmann expression is so large that a slight decrease of E can cause an increase 
* of the expression itself — that is, of the intensity of diffusion also — by many powers 

of ten. So it can occur that in a certain temperature interval the ov erwhelmi ng 
part of diffusion is performed by anomalous partic les, the process being then sharply 
influenced by defects and impurities of the crystal. 

The mere fact that some properties of this kind can be sensitive in one tem- 
perature inter\'al and insensitive in another shows that this sort of sensitivity is not 
of the very essence of the phenomenon, but can be regarded as an unusually large 
contamination effect. In many cases , indeed, it is possible to separate t he con - 
tribution of the defects a nd impurities and so to obtain, even in sensitive intervals, 
the value pertaining to the perfect cry'stal. A very important achievement in this 
respect has been made recently by Renninger*. Rock-salt has been regarded hitherto 
as a characteristic case of an X-ray mosaic structure ; Renninger, however, has found 
that some artificially prepared specimens of it show no trace whatever of a mosaic 
structure but behave as perfect crystals according to the dynamical theory of Darwin 
and Ewald. 

A particularly simple example of the enormous influence of trivial defects and 
of the possibility of separating them from the true value for the perfect crystal is 
presented by the v ibration-damping capacity of micaf . Ordinarily, pieces of 
mica give, if struck, a sound similar to cardboard; thus the vibration damping 
must be very intense. If, however, by a special kind of very gentle cutting the 
crushing of the edges into lamellae is completely avoided, then the specimen clinks 
as clearly as a piece of hardened steel. The great vibration-damping capacity of 
ordinary pieces of mica is thus almost entirely produced by trivial injurie s and not 
by an i nheren t system of faults s uch as would be represented by a secondary or 
block structure. 

Properties of this kind which are of additive character, yet incidentally sensitive 
because of the great influence of anomalous particles, may be called, for shortness, 
semi-sensitive properties. To this group also belong el ectric conduct ivity of semi- 
conductors, X-ray extinc tion and so me photoelectric prope rties. 

V In contrast to these, the sensitivity of a third group of even more sensitive 
properties is, from a theoretical standpoint, of the greatest interest. To this group 
belong tens ile st rength, sh ear stre ngth (in other words, plasticity phenomena), 
diele ctric stren gth and so me propert ies of ferr omagnetic materials. It is easy to see 
why strength properties are of an extreme sensitivity. The strength of a body is 
determined by the strength of the we akest par t of it; thus a single minute scratch 
is sufficient to create a weak cross-section in a rod and to lower its tensile strength 
in extreme cases bv tenfold or even more. Because of the decisive role of a few of 
the most critical faults we can appropriately speak of a selective character of strength 
properties, in discriminating them from the additive character of the insensitive 
and semi-sensitive properties. 

* M. Renninger, Sotuniiss. 22, 334 (1934). 
t E. Orowan, Z.f. Phys. 87 , 749 (1934). 
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of °f solid matter, and especially 


Property 


Insensitive 


Character 


Examples 


Additive. Contribution 
of anomalous parts of 
the same order of 
ma^rnitude as that of 
normal parts 

Specific gravity and 
heat, refractive index. 
X-ray interference 
pattern, elastic pro- 
perties 


Semi-sensitive 

Additive. Contribution 
of anomalous parts of 
a higher order of 

magnitude than that 
of normal parts 

Electric conductix'ity 
of non-metallic cry- 
stals, diffusion, X-ray 
extinction, vibration- 
damping 


Sensitive 

Selective 


Tensile strength, plasti- 
city, dielectric strength. ' 
magnetization curve of 
ferromagnetic bodies 


As the sensitivity of the sen.i-sensitivc group is of 7 ;;jtl^?rtrivial character the 
ollowtng considerations may he confined to the third group only. 


II 

1 he source ot most problems concerning strength properties is the well-known 
discrepancy between theoretically calc^ted sirength and the actuallv observed 
\alue, which may be called "technical strength." IF the law of force between the 
particles of a lattice is Knomj. then for any given strain the corresponding stress can 
be calculated. For increasing strain, the stress will have a maximum value which 
IS evidently the tensile strength of the lattice. Such a calculation was made in 
1923 for rock-salt by F. Zwickj'* who obtained a theoretical tensile strength of 
20,000 kg./cmf, which is about 1000 times as large as the actual technical strength 
of that crystal. In spite of this discrepancy the calculation cannot be incorrect" a 
second method which is quite different and perhaps less risky, indeed, leads to 
the same result. This method, suggested by Polanvi. makes use of the surface- 
energy, which IS defined as the work necessary to increase the surface of the body 
by a unit area in a reversible way. For a rough approximation the need of re- 
versibility may be neglected and the surface energy a|qilied for calculating the 
work which must be performed when by rupture .1 new surlace ol known size is 
created. If, moreover, the assumption is made that 1 1 poke's l aw hohls good until, at 
the moment of rujTtiire, the stress suddenly drops to zero, then the mutual potential 
energy between two parts of the body can be calculated; at the moment when 
during the increase of strain the mutual energy per unit cross-section reaches twice 
the surface energy, rupture takes place. Hooke’s law gives now the siniult.ineous 
stress which presents a rough approxim.ition t-i the iheorelic.il 'ensile strength. 

The result for rock-salt is very much the same as that of the direct calculations from 
lattice theory. 

1 he method of surface energy is Lijiplicable in >\\ it onI\ an apprn.xiniate 

value of the surface energy (whose square nnn ente rs int.» tin- rvsnii) is obtainable. 


• F. Zwicky, P/iy-.. Z. ‘ip I ti 
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It is very important that in this way we can calculate the theoretical strength of 
am orphous bodi es and that here the s ame discrepan cy exists as in the case of crystals. 
Even from this fact alone it is rendered most probable that the discrepancy cannot 
arise from features peculiar to crystals, such as a secondary or block structure. 

We may notice that tensile stress has in the case of amorphous bodies the same 
degree of s ensitivity as in the case of crystals. At this point it may also be emphasized 
that sensitive phenomena are not confined to the crystalline state ; they can also 
appear in amorphous bodies and even in liquids and gases. Thus dielectric strength 
can be regarded as a sensitive property of gases. 

A discrepancy which is quite analogous to that between theoretical and technical 
tensile strength exists also between theoretical and technical diele ctric stre ngth 
and shear str^gth of crystals. 


Ill 

Till now, t wo entirely different possibilities for explaining the discrepancy 
between theoretical and technical tensile strength have been s uggeste d, viz. the 
Griffith theory of rupture and the various secondary structure and block structure 
hypotheses. 

According to Griffith *, the discrepancy is a consequence of the fact that rupture 
does not t ake place simultaneous ly over the whole cross-section of a body, but that it 
starts from a crack or other inhomogeneity and extends gradually, before the average 
stress even approaches the theoretical strength. If an absolutely simultaneous 
rupture along the whole cross-section could be attained, the body would show the 
theoretical tensile strength. As to the cause of premature rupture, Griffith assumes 
that the inhomogeneity of stress distribution in the neighbourhood of flaws produces 
an increase of the average stress in the ratio of the theoretical strength to the technical 
strength. Thus the theoretical tensile strength is reached at the edge of a crack at 
the moment when the average stress has the value appropriate to the technical 
strength. We may assume that the Griffith conception of rupture as a crack-pro- 
pagation process is to be regarded as proved true. The only addition that must be 
made in the case of plastic crystals is that here, besides the notch-effect considered 
by Griffith, another possibility for the premature propagation of cracks must be 
assumed, namely, a p ropagation by means of plastic slip. For rock-salt, for example, 
the depth of cracks required by the Griffith formula for explaining the discrepancy 
between theoretical and technical strength would be about half a millimetre; for 
zinc or tin crystals even more. This difficulty of the Griffith theory has played an 
important role in the formation of the various secondary and block structure hypo- 
theses ; its solution, however, is very simple. For plastic crystals there exists, besides 
the statical notch-effect as calculated by Griffith, another possibility for the extension 
of cracks. This may be explained in the case of rock-sal t. 

Let AB be a surface crack in a cube plane perpendicular to the direction of load 

* A. Griffith, Phil. Trans. Roy. Soc. .A, 221 , i8o (1921) ; //. Internat. Congr.for Appl. Mech. Delft, 
1924, p. 61. 
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(Figure i). If at the point C in the plane of slip CD a slip starts, then the parts 
already slipped pull the other parts of the plane after them until the slipped part is 
extended to the point P which is in the continuation of the crack. Now the material 
remaining between P and the edge A of the crack must | 

sustain a stress which is sufficient to transfer the process 
of slipping to the part PD below the crack; otherwise it 
will tear along PA and the crack will be deepened by the 
distance PA. Since we know empirically that a process 
of slipping is never confined to a single plane but spreads 
out continuously to the neighbouring planes, in many cases 
a further deepening of the crack will occur which leads 
either directly to rupture by a continuation of the same 
process, or indirectly by a Griffith mechanism, if meanwhile 
the critical crack depth has been reached. 

Now the question arises whether by this mechanism 
the necessity of assuming very deep cracks can be avoided. 

The tensile strength of the minute part between P and A 
is evidently very near to the theoretical strength ; on the 
other hand, for obtaining a most unfavourable case, the 
force necessary to move the triangular piece DBP must 
be calculated from the technical shear strength by multi- 
plying by the length of the hypotenuse DP. By omitting 
sines and cosines which cannot alter the orders of magni- Figure i 

tude, we obtain as a condition for rupture along the line PA 

PA.Zo = DP.s, 

where denotes the theoretical tensile strength of the cube plane and $ the technical 
shear strength of the ( 1 1 o)-plane. We take PA to be several times the lattice distance 
{a = 2*86 A. for rock-salt); since the ratio zjs is about 1000 we obtain for the 
mini mum crack depth DP an o rder of magnitude of i_jpicron. This is quite a 
sa tisfacto ry value. 

We may mention that the formation of visible cracks, evidently ^ a slippin g 
mechanism, has been observed on several occasions in zinc and rock-salt crystals. 
So the actual occurrence of this process stands beyond doubt. 

The crack propagation theory’ of rupture accounts not only for the discrepancy 
between theoretical and technical strength but also for other important features of 
tensile strength. IVIoreover it does not encounter any essential difficulties. 



IV 


A second way, quite ditferent from the crack propagation tlieory, for explaining 
the discrepancy between theoretical and technical strength, is presented by the 
various secondary and block structure hypotheses. According to these, a crystal is 
built of very smal^ b^c^ whose l attice is ideal, showing the theoretical strength as 
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calculated by means of lattice theory or of a known surface energy. These blocks 

are, however, separated from one another by layers of disor dered partic les so 

that the cohesion between two neighbouring bWks is much loww than its 

internal strength; it is assumed to be equal to the technical strength of the 
crj'stal. 

-As to the cause of secondary structure, two possibilities exist. The secondary 
structure hypotheses in a strict sense, as pointed out by Zwicky*t, suppose that the 
formation of a secondary structure is accompanied by a decrease of the free en ergy 
of the crystal ; thus a crystal with a secondary structure represents an equilibrium 
configuration which always r esults i f the crystal remains uninfluenced during 
a sufficient time. The block structure hypothesis of Smekal t, on the other hand, 
regards this structure as an inevit abl e imperfection of the crystal, originating perhaps 
in the finite speed of its growth. .According to Smekal, the equilibrium con- 
figuration is given by the ideal lattice; a real crystal would lose its secondary 
structure if left uninfluenced for a sufficiently long time; this case, however, could 

not be realized, as otherwise the crystal would obtain its theoretical strength in 
contradiction to experience. 

Zwicky has made two attempts to derive theoretically the existence of a 

secondary structure. He considered tw^ entirely different arbitrary alterations 

m^thejattice of crystals of the rock-salt type and he tried to show thlTthiTe 

alterations would be accompanied by a decrease of the energy of the crystals. If 

this holds good, then a spontaneous formation of a secondary structure can be 
expected. 

The starting point of Zwicky’s %s^secondary structure hypothesis* is the fact 

that aJioo]dattice_plane of a crystal of the rock-salt type contracts if set free. 

-According to the calculations of Lennard-Jones and Dent§ the linear contraction 

amounts m the case of rock-salt to 6 per cent. Though a spontaneous contraction is 

of course subject to the condition that the plane shall be isolated, Zwicky made the 

assumption that a contraction of the same amount could also take place s pontaneousl y 

mffiem^r of the crystal. He postulated, then, that a minimum of energy is 

reached when three orthogonal sets of p arallel plane s are contracted ; as to the distance 

ot two consecutive parallel planes, he assumed it to be much greater than the 

distance of two lattice planes. So the sets, of contracted planes would form a 
secondary structure in the cr>'staL 

For ' erif\ ing the assumption of the spontaneous contraction of internal lattice 
planes Zwicky tried to prove that a gain of energy results from contracting an 
internal (loo)-plane in the ratio calculated by Lennard-Jones and Dent for isolated 
planes. By calculating the different kinds of energy changes connected with 
the contraction, he was led in his first detailed paper to the following energy 


Acta, 3, 269, 466 (1930); 


4. 49 (1931) . Proc. I\at. Acad. Anier. 17, 524 (1931). ' 

t A V 524 {iW)\Phys. Rez-. 38, 1772 (1931)- 40 63 (1932) 

i P- (^925): Ann. d. Phys. 83. 1202 (r9;7); ^ ^ 

§ J. 1.. Lennard-Jones and B. M. Dent, Proc. R. S. A, 121, 247 (1928). 
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Gains of energy: erg./t'iri: 

by the contraction itself ^2 

by the polarization of ions of the contracted plane and of 457 

tvvo neighbouring planes 

by an accessory change of energy 28 


Sum 567 

Loss of energy: 

by increase of the mutual energy between the contracted 500 

plane and neighbouring parts of the crystal 

Total gain 67 


According to this balance, a small gain of energy would be obtained; it is, 
however, disquieting that the initial gain by the contraction itself is quite un- 
important as compared with the other changes of energy and that the total gain 
represents only a small difference between the two sides of the balance. Afterwards 
it was found by Prof. Pauling that the calculation of the energy loss was erroneous; 
the correct value, calculated then by Zwicky himself, amounts to 1140 erg. cm., 
instead of 500. By this the existence of a secondary structure in rock-salt and also the 
general existence of a secondary structure of this kind has been p ro\ed inipossible. 
Zwicky, however, laid much stress upon the tact that in t wo ca jes, \iz. Ible 
and PbS, after correction, a gain of energy* results. Ye^ later* it was tound 

possible to show that the balance contains a nother miscalculati( )n of a still greater 
importance. For determining the polarization energy, the electric field strength at 
the position of every ion must be known. Along the contracted plane or the neigh- 
bouring planes, the field strength is represented by products of trigonometrical 
functions of the two coordinates. Referring to the difficulty of an exact calculation. 
Zwicky contented himself with calculating the field strength at one particular place 
and determined the polarization energy by means of this value, declaring that this 
approximation could not alter its order of magnitude. Now s^ch an ap proxima^i^ 
is of no use since the total energy change by contraction is givenasthe difference 
of two almost equal quantities. Moreover, the held strength assumed by Zwicky 
was unfortunatelv just its maximum value; by carrying out the calculation ot the 
polarization energy exactly*, a value results which is onc-third only ot tlie polari- 
zation energy obtained by Zwicky (152 erg. cm: instead ol 457 erg. cm.). . s t le 
polarization energy represents the decisive part of the total eneriiv stain, tluscorrection 
converts the balance for every crystal into a large loss. In other words, the calcnlation 
of Zwicky shows, if corrected, that a sccoiii/diy stnidiiii- of this sort is wipossi >le 

An entirely different kind of secondary structure, also suggested by Zwicky 1 , 
arises from a ge neralization of a feature of ferromagnetism. Ferromagnetic Imdies 
possess a spontaneous magnetization, even in the absence ot an external held, 
the body is, as a whole, unmagnetized, the direction ot the spontaneous magnetiza- 
tion must be assumed to xypry from place to place, in order to avoid a resulting 
magnetic moment. Magnetization gives rise to i n agne^mcyijm u lucji must hke« ise 
vary in different parts of the body, if no saturation has yet been reached. bus 

• E. Orowan, Z. /. Pt.ys. 79, 573 89. 774 ( ml-li tt.h.l. 'y:'; ''I;"; ^ 

t F. Zwicky, Proc. S.O.Auut. . . 1 7. 524 ( m.l ■ I c. 38 , , , , a I m , . 1 , 4U, 1.,, (iv,.). 
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internal stresses are created, causing deviations from the ideal lattice. A phenomenon 
which represents an electric analogue to ferromagnetism has been observed by Joffe 
and his collaborators in cr\’stals of the rochelle salt type. 

Now Zwicky has postulated that a spontaneous polarization, either magnetic 
or electric, is quite a general property of crystals; the accompanying internal 
electro- or magnetostriction Represents a secondary structure which he makes 
responsible for the sensitivity of strength properties and for the discrepancy 
between theoretical and technical strength. As an argument in favour of a general 
occurrence of spontaneous polarization, Zwicky makes a calculation from which he 
finds that certain cr\'stals of the rock-salt type must show such a phenomenon. 

It is perhaps unnece^ary to devote a more detailed criticism to this hypothesis 
its i nsufficiency i s evident . Firstly, a sp ontaneous pola rization is, as a matter of 
fact, qinte a particulay phenomenon whose non-existence can be granted for the 
overwhelming majority of cry-stals, especially also in the cases to which Zwicky’s 
calculations refer. Secondly, according to that hypothesis, strength properties should 
show a complete change at the Curie point or near saturation. So it need only 
be mentioned as an explanation of the contradiction between experience and the 
calculations of Zwicky, that the cardinal point in these is the value assumed for 
the second deriiative of the repelling force, for which Zwicky uses the simple 
exponential expression with a repulsion constant obtained as usual from measure- 
ments of compressibility. Now Slater* has shown by measuring the pressure 
coefficient of compressibility that this expression represents no approximation 
whatever for the second derivative of the repelling force; so the calculations of 
Zwicky are illuson’. 

Although the attempts of Zwicky for deriving a secondary structure in crystals 
have failed, it could perhaps be imagined that a hitherto unknown third kind of 
secondary^ structure exists, producing the principal features of technical strength. 
Such a secondary structure could be either of the Zwicky type, corresponding to a 
minimum of free energy, or of the Smekal type (a block structure, caused by 
inevitable irregularities or by the finite speed of the crystal growth). Now it is of 
the greatest importance for the theory of sensitive properties that it should be 
possible, by using some well-known empirical facts, to show in an exact manner that 
an explanation of the phenomena of technical strength by means of any secondary 
or block structure hypothesis is impossible . This statement can be proved in the 
following wayf . 

If a secondary- structure were responsible for the discrepancv between theoretical 
and technical strength, then approximately the same discrepancy would exist be- 
tween the theoretically calculated and actually observed values of sur face en ergy. 
The sphere of action of the molecular forces between two parts of a crystal remains, 
indeed, practically unaltered on assuming a secondary' structure; thus the work 
necessary for separating two parts of the cry’stal, in other words, its surface energy, 
must diminish in about the same ratio as the force, i.e. the tensile strength, 

* J. C. Slater, Phys. Rev, 23, 488 (1924). 
t E. Orowan, Z. f. Phys. 82, 239 (1933). 
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For example* the surface energy of the cube plane of rock-salt, calculated by 
means of the lattice theory, is about 90 erg. /cm: Since the ratio between theoretical 
and technical tensile strength is 1000, an observed surface energy of approxi- 
mately o-i erg./cm: is to be expected if the secondary structure hypothesis holds 
good. Now although an exact measurement of the surface energy of rock-salt has 
not yet been possible, many approximate measurements have without exception 
given values of the calculated order of magnitude, in general even somewhat more. 
A discrepancy amounting to even one decimal place is surely impossible. 

Another striking example is given by mica. This crystal possesses an extra- 
ordinarily perfect cleavage plane; its tensile strength in a direction perpendicular to 
this plane must be verv small and even the mere preparing of a rod with an axis in 
this direction would hardly be possible because of the danger of premature breaking. 
Thus a ver\' low value for the surface energy of the cleavage plane should be 
expected if the perfect cleavage is caused by a block or secondary structure. 
Contrary to this^ very reliable measurements of Obreimoff* show that actually the 
observed surface energv of this plane is about 5000 erg. cm: which is perhaps the 
high est known surface energy. 

These examples are sufficient to show definitely the failure of all secondary 
and block structure hypotheses. Yet there exists still a nother argun KlU: leading to 
the same conclusion. If the technical tensile strength of a crystal had to be attributed 
to a secondary structure, then it could be increased only by altering this structure. 
Now in the case of mica it is possible to obtain an increase of tensile strength 
of tenfold by a mere surface treatment. 'I'he bounding surfaces of a mica lamella 
are of two kinds: firstly, two principal cleavage planes of the utmost perfection; 
secondly, side surfaces forming the edge, which are in general not crysullographic 
planes and which can usually only be obtained by cutting or grinding. 1 hese edge 
surfaces contain numerous crackseasily observable at a moderate magnification. I hus 
the assumption that these cracks influence the tensile strength of the lamella 
according to the Grifhth theory is plausible; in other words, that the normal 
technical strength of mica bands is given by the average stress necessary tor the 
edge cracks to start propagating themselves across the lamella. 

That th is assumption holds good can he shown by a simple artihcet- H the 
clamps used for applying the load are narrower than the mica band, then the side 
borders, being beyond the clamps, bend up at loading and they become nearly 
stressless so that no propagation of edge cracks can start. In this case the tensile 
strength of the mica lamella is increased tenfold, a maximum strength ot 32,000 
kg./cm: having been observed instead of the usual value of about 3000 kg. cm: Now 
if the strength of mica in a direction parallel to the principal cleavage plane was 

determined by the cohesion of neighbouring blocks according to tlic various secondarv 

structure hypotheses, then it would be capable of no lurther enh.mcement, tiie 
secondary structure of the individual crvstal being given once tor all. ^o 
periment proves direedy that the technical strength ot mica crvstals is deterinmec 

* J. \V. Ohrciniolt, /W. H. S. A. 127 , 290 liVSOC 

t 1:. Orowan. /.. f- Phys. 82 . 2.55 
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by a system of trivial cracks and that an explanation by means of a secondary or 
block structure hypothesis is impossible. 

A third argument which is l ess direc t but perhaps* n\ ore impress ive is offered 
bv the fact already mentioned that there is no difference between crystalline and 
amorphous bodies so far as the discrepancy between theoretical and technical 
tensile strength is concerned. Since a secondary structure is possible only in crystals 
(if singular cases such as opal are excepted) the block structure hypothesis would 
attribute a uniform phenomenon to different causes. 

By these arguments the impossibility of any secondary or block structure 
hypothesis is definitely proved. We see that the alternative, whether a hypothetical 
secondary structure can play an essential role in the theory of strength properties 
or not, is at the present state of things no matter of personal opinion, since the 
arguments against the secondary structure hypothesis are absolutely decisive. So 
the principal problem of tensile strength can be regarded as settled: all general 
features of it are produced by the fact that, according to crack propagation theory, 
rupture does not take place simultaneously in the entire cross-section but propagates 
itself gradually, starting from a singular point. 

We may yet remark that amongst the defenders of secondary structure hypo- 
theses it has become usual to support their view by enumerating as many empirically 
known c ases^of superstructur e as possible. It is, however, clear that the very 
existence of superstructures as, e.g., the X-ray mosaic structure or the Bitter 
sedimentation stripes on ferromagnetic metals have not hing to do with the question 
whether a secondary structure plays an essential role in originating characteristic 
features of sensitive properties or not. As a matter of fact, no important case is 
known where even the i ndividual strength proper ties of a particular crystal could be 
brought into relation with a particular superstructure observed in it. For example, 
the mechanical properties of steel remain practically unaltered on reaching the Curie 
point, when all superstructures of ferromagnetic origin would vanish. The X-ray 
mosaic structure can even be regarded as an approach to a polycrystal and thus 
must cause an increase of tensile strength, since the passage from one mosaic element 
to another represents a difficulty in the development of a crack. 

V 

I ill now, we have almost exclusively considered examples concerning the tensile 
strength. \et the recent progress of our knowledge on crystal plasticity enables us 
to derive from it ideas as detailed as those derived from the phenomena of tensile 
strength ; these fit excellently into the picture we have made of a sensitive property 
in general*'!'. 

\\ c must omit to deal here with dielectric strength which is, however, so typically 
connected with a lability of a similar kind to the propagation of a crack, that no 
secondary structure hypothesis has ever made an attempt to deal with it in a detailed 
manner. 

* G. I. Taylor, Proc. R. S. A, 145 , 362, 388, 405 (1934). 
t E. Orowan. Z. /. P/tys. 89 , 605, 614, 634 (1934). 
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Attention may, however, be called to some sensitive phenomena in ferro- 
magnetic crj’stals or polycrj^stals. Recent researches on the origin of technical 
permeability of ferromagnetic bodies led to the very interesting result that Bark- 
hausen jumps do not take place simultaneously in a certain region of the body hut 
propagate themselves with a relatively low speed*. As, indeed, R. Beckerf has 
shown theoretically, they cannot result from a continuous turning of the direction of 
spontaneous magnetization in the direction of the external field, since such a process 
needs considerably stronger fields than those actually producing Barkhausen jumps. 
This phenomenon consists, on the contrary, of a gradual displacement of the 
partition-walls between Weiss regions, in such a manner that a region whose 
magnetization has nearly the direction of the external field extends itself. According 
to experiments of Sixtus and 'Bonks, a stronger external field is needed to start a 
Barkhausen jump than to continue it; this means that at starting we must overcome 
a sort of resistance. Considerations on the nature of this resistance have been put 
forward bv R. Becker, Bloch, and Langmuir; it is very probably caused by the 
smallness of the initial Weiss region, in the same way as extreme smallness of a drop 
of water checks further condensation on it if the supersaturation is not large. 1 he 
situation is thus quite similar to the Griffith theor>- : in the latter the load necessary 
for continuing the process of rupture decreases rapidly as the area already separated 
increases; the initial crack forms a nucleus for rupture whose size determines the 

These considerations lead us to a general characteristic ot sensitive phenomena^ 
In all such cases of sensitive phenomena, xve have a process which can he regarded 
as autocatahtic-, that is, its further development is lacihtated it only it has started 
at a place which we call a nucleus. 'I'he creation ot a nucleus needs a local accumula- 
tion of energy either from a material anomaly or from a thermal fluctuation. 1 he 

amount of external influence (e.g. load) necessary tor growth ot a ^ 

in a high degree on the amount of accumulated energy, and on he si/.e and the nature 
of the micleus; this great dependence, together with the possihi hty of spreading 
from a single nucleus to a great part of the body is the cause ot the ; 

Thusintliecaseof the rupture of a rigid body the nucleus consists ot a 

facilitates the process by its notch-etfect. 'I'he load I"'’, 

crack is, according to the (iriffith formula, mverselv proportiona ' 

root of the crack depth; so the rupture runs on, once m.liated, uith a higl. ae 

""'"rn Te case of crystal plasticity, the nucleus is given by a local slip§, originated 

both bv a material -inhomogeneity and an additional 
local slip facilitates further slipping by prodneing a .one o 

itself. Very probably the nuclei of Barkhausen jumpb, isau. 1 u 

of the ferromagnetic permeability, due to displacements ol W 

alsobvthecompoundudUiencecifnuUerudnihonmUkaKaucsandtlKrnuillhiam^^ 

* Sixtus ana 'l onkt.. Phys. R>r. .,30 

+ U Ucckcr P/ivs. X. 33, 905 (193-*- 
1 A, 1-15, 11... iss.405 (nml 

s K. OnuMin, /. /■ I’ins. 89. (. 05 , 6 ,.,, l.;,-! tor,4)- 
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The electric breakdown of a crystal takes place if a single ion acquires a sufficient 
amount of energy during its movement in the electric field. As the technical 
dielectric strength is comparatively low, the ion must, for acquiring the necessary 
energ}', have a long path available which is only possible if the crystal contains an 
imperfection either innate or due to thermal fluctuations. The energy represented 
by this imperfection can be regarded as the work necessary for creating a nucleus. 

We now see that boiling, freezing, condensation, and more generally all changes 
of phase are to be ranged in a most natural manner amongst sensitive phenomena 
of a selective character. It will suffice to point to the phenomena of superheating, 
undercooling and supersaturation; with respect to sensitivity there is no difference- 
between these phenomena and tensile strength, plasticity or irreversible perme- 
ability. Their common feature is the role of nuclei and the accelerated spreading 
out of the phenomenon from these. As far as the principle is concerned it is 
irrelevant whether the nuclei are Griffith cracks, local slips, thermal fluctuations of 
stress or, on the other hand, dust particles or gaseous, solid, or liquid nuclei produced 
by thermal fluctuation. We may, however, notice that theoretical strength and con- 
densation-point for example, as defined thermodynamically, are not analogous but 
opposite quantities : a condensation pressure obtained in a reversible way presumes 
the presence of very active nuclei; thus it is to be regarded as similar to the highly 
reproducible tensile strength of mica lamellae, obtained by grinding the edges and 
providing them in this way with a large supply of cracks*. The quantity corre- 
sponding to theoretical strength in the case of condensation at a constant tem- 
perature would rather be the maximum of the van der Waals p-v curve which is in 
practical cases cut away by the Maxwell horizontal. 

In summarizing the results, we can say that the foundations of the theory of 
strength properties are to be regarded as clear. The main features of strength 
phenomena arise from the fact that every breakdown, either mechanical or electrical, 
starts from minute nuclei which have a decisive influence on strength. On the 
other hand, an explanation of strength properties by means of secondary structure 
hypotheses is not only unnecessary but is also impossible. 

* E. Orowan, Z.f. Phys. 82, 247-251 (1933). 
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THE STRUCTURE-SENSITIVE PROPERTIES OF 

SALT CRYSTALS 

By ADOLF SMEKAL 

Halle/Saale 

I 

ABSTRACT. A structure-sensitive property is one which has different values in 
different specimens of the same crystal, the actual states of a crystal being of a characteristic 
metastabilitv. A crystal with structure-sensitive properties must clearly require more 
variables for its description than the ideal stable ciA'stal, and the simplest model to take 
is that of an ideal lattice crystal, modified by the presence of gaps of some variability in 
number and kind. 

The obser\-ed metastability of the actual crystal for small changes of temperature shows 
that it reallv preserses the state in which crystallization occurred. 

In the formation of crystals, growth in general takes place tangential to certain definite 
planes, the molecular character of the growth giving rise to gaps and to local variations 
in orientation, whilst the presence of impurities leads to the incorporation ot foreign 
atoms. These are all classified as primar\- flaws, and they are statistically distributed along 
the principal planes of growth. Secondary flaws are those which result from the alteration 
of the primary flaws, or from the formation of new flaws in the solid state by mechanical 
or thermal treatment of crystals. They may reach much greater size than the primary ones. 

The relations, statistical and other, to be expected theoretically between flaws and 
structure-sensitive properties dependent on them, are briefly summarized. 

The second section ot the paper deals with experimental results obtainetl on rock-salt, 
which was chosen for investigation after exhaustive consideration. 

It is first shown that the photochemical coloration ot rock-salt is a siructure-sensiti\ e 
property, and that by its aid the primary and secontlary tlaws in rock-salt can be marked. 

As an example of general structure-sensitive properties, the strength is then discusset,!. 
The experimental determination ot the pure macroscopic cohesion and ot the elastic limit 
of rock-salt crx'stals are briefly indicated. When the connexion between cohesion, elastic 
limit and crystal flaws is examined, it is tound that under mechanical stretLhing, the tir^t 
permanent changes occur bv local stress concentrations .it the llaws, the maximal elastic 
stresses measured opticallv being ot the ortler ot the ideal lattice ^-tiength. 


I. GENERAL 'rilEORE'lTCAE BASIS 

§1. THE PHYSICS AND S'!' K h' C 'I' I’ K I'-S i: N S I'l' 1 \' 1-: 

PROiM'.KTi i:s O! c■K^■s'r.\Ls 

(i.i) (ii twraJ statement of the prohlun 

Experiment gives sharply reproducible results tor a large nunil>er ot c^\^la! 
properties, which can be satisfactorily explained on the basis ot the ideal lattice 
theory of crystal structure, by means ot the atomie-ph> sical i>ropertie.> ol the 
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cr}^stal particles. Other crj'stal properties are characterized by the fact that they 
possess different values in different specimens of a crystal, and therefore are not 
describable in terms of the ideal lattice theory, which only permits of definite single 
values for crystal properties. I have contrasted these two groups of crystal properties 
as structure-sensitive and structure-insensitive properties^ and have propounded as 
a task for the more recent ciystal physics that it should explain the simultaneous 
existence of these two contradictory types of properties in the same crystal^. Experi- 
mental results show that cohesion, plasticity, and self-diffusion at low temperatures 
are “ general” structure-sensitive crystal properties of all materials, so that in each 
of these cases a fundamental problem of crystal structure is encountered. Other 
structure-sensitive properties, such as the photochemical properties of salt crystals 
or the magnetization cur\'es of ferromagnetic materials, are confined to special 
groups of materials and must therefore in all cases be associated with special 
properties of the material. 

(1.2) The problem of stability and structure-sensitive properties 

The existence of general structure-sensitive properties indicates that a greater 
number of variables is necessary' for the specification of the state of the crystal than 
that allowed by the ideal lattice theory or than that demanded by the specification 
of the structure-insensitive properties. The new quantities introduced must ob- 
viously permit only slight deviations from the ideal lattice, which in the general 
case will have different values from crystal to crystal. The individual, different 
states cannot therefore possess exactly the same stability. There are then two 
possibilities : 

(rt) The absolutely stable condition is the ideal lattice. 

(b) The absolutely stable condition is a fundamental state differing in a definite 
manner from the ideal lattice. 

In both cases however it is necessary that: 

(r) The actual states of the cr}^stal should in general differ both from each other 
and from the absolutely stable condition ; also, on account of the slow rate at which 
equalization proceeds in the solid state, they should be only temporarily stable 
but secularlv unstable. 


(1.3) The stability of crystal lattices 

The absolute stability of either a finite or an infinite crystal lattice cannot as yet 
be investigated or demonstrated theoretically. Electrostatic systems are of course of a 
fundamentally unstable nature to which all the criteria of stability so far investi- 
gated are inapplicable. Atomic physics and quantum mechanics have shown that 
the stability properties of a system of atoms are determined by quantum-mechanical 
laws. The full application of these to the crystal lattice is not as yet possible in any 

* .A. Smekal, Proc. Inter. Cong. Phys., Como, 1927, 1 . 181 (Bologna, 1928); Z. f. Phys. 55 , 289 
(1929) and especially “Structure-Sensitive Properties of Cr\-stals” in Handbuch der Physik, 2nd ed., 
24 , (2), chap. 5 (Berlin, 1933) (referred to below as “Structure-Sensitive Properties”). 
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single case. For this, the whole crystal would have to be regarded as built up of 
atomic nuclei and electrons, full account taken of the spin and exchange coupling, 
as well as of the electrical, and the ground state of such a giant molecule determined. 
It is not at present possible to say whether this ground state corresponds to an ideal 
lattice or deviates slightly from it. Still less is it possible on these grounds to make 
any assertions as to the nature of the metastable excited states, which are concerned 
in the case of the structure-sensitive properties. 


(1.4) The point of view of the idea! lattice theory 

The ideal lattice theory assumes the absolute stability of both the finite and the 
infinite ideal lattice, although this stability cannot be proved. In addition, we can, 
with Born and Goldschmidt, establish the relative stability of the various simple 
lattices, the quantities, sizes and polarization properties of the atoms playing the 
main determining part. The only variable factor directly reconcilable with the ideal 
lattice theor)% is the area of the surface of a finite lattice. Surface components and 
(internal) lattice components of the crystal possess some fundamentally ditferent 
properties. Crystals of equal size but with different surfaces must show differences 
in their properties due to this difference. Since the trivial differences between the 
outer surfaces of macroscopic crystals are not of importance, there must be differences 
attributable to internal surfaces to account for the structure-sensitive properties. 
I have accordingly taken as the simplest model of a crystal with structure-sensitive 
propertieSy a crystal built up according to the ideal lattice theory, hut containing gaps"^, 
the secular instability of which crystal as compared with the ideal crystal with no 
gaps needs no further demonstration. In any case there can be no theoretical in- 
consistency in the ideal lattice theory advancing along these lines towards a basic 
solution of the general problem (i.i). 

(1.5) The point of viezy of the instability theory of the ideal crystal 

d'he hypothetical denial of the absolute stability of the ideal lattice for all 
crystallizing materials leaves in doubt what are the actual crystal states of absolute 
stability. A further hypothesis is necessary to fix this state; with reu^ard to crystal 
symmetry, a reference to the crvstallographically defined elements ot the general 
structure-sensitive properties seems to be involved, of whicli cleavage-, slip-, and 
twinning-planes as well as the principal direction ot selt-ditlusion in the crsstal 
structure might be selected since they are connected with certain stability pro- 
perties of the structure. Xo reason is yet known for the preference for a definite 
plane or direction from among those enumerated. So tar only two general state- 
ments of a negative character appear to be demonstrable \ {a) In permanent lattice 
cells any regular deviation from the ideal lattice reduces the symmetry ot the erxstal. 
{b) If in the fundamental ideal lattice, dehnite planes forming a siijn-r-latnce are 
supposed to be physically changed, it is in general imj>0''Sible to i-h\ide uj) tlie 
original lattice by these planes into congruent block'- it m the super-lattice all the 

* .A.. Smekal, Phys. Z. 26 . 707 (1925); 27 , Sj7 aUo p. -t.;. 
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planes crystallographically equivalent to one of its planes, behave in an equivalent 
manner*. In the case of the secularly unstable states, which according to (i.z) are 
necessary to explain the structure-sensitive properties of a crystal, a similar reference 
to external and particularly to internal surfaces in the finite crystal lattice would 
be essential, as already mentioned under (14) in connexion with the ideal lattice 
theory, so that here also the crystal with gaps appears to be the simplest model. 


( 1 .6) Zwicky's ‘ ‘ secondary structure ” 

Zwicky postulates the fundamental instability of the ideal lattice in connexion 
with (i .1), and maintains that the absolutely stable crystal state is an ideal “ primary 
lattice” with a “secondary lattice” of the super-lattice type referred to abovef. 
More detailed description was not given by Zwicky of the nature of the empirical 
crystal states deviating from this assumption, so that his original views could yield 
no information as to the structure-sensitivity of crystal properties. As to how far 
his assertions regarding the absolutely stable state may be correct, it is only possible 
from them to deduce consequences which cannot be confirmed on any single material, 
on account of the absolute purity and perfection of the structure assumed. A stability 
proof of the fundamental necessity for a “secondary structure” is, as stated in (1.3), 
just as impossible as is that for the ideal lattice, a fact which Zwicky now admits|. 
This being so, any possibility of deducing the secondary lattice corresponding to a 
given ideal lattice, as e.g. Zwicky has deduced that the secondary structure of the 
rock-salt lattice consists of the cube faces, becomes impossible. Hitherto Zwicky 
has not accepted this conclusion and believes that it can be supported by considera- 
tions of the electrostatic energy difference between lattices with and without this 
secondary structure. As stated in (1.3), however, electrostatic energy conditions alone 
cannot decide problems of stability ; moreover we hold with Born and Orowan 
that the increase of electrostatic energy on the addition of a “secondary structure” 
claimed bv Zwicky rests on faulty analysis§, and does not occur. There is thus at the 
present moment no certainty as to the instability of the ideal lattice. Other similar 
computations by Zwicky and Evjen deal with “ secondary structures ” which are only 
possible in certain lattices, i.e. selected groups of materials; we refrain from dis- 
cussing these, as they are of no importance for the problem of the general structure- 
sensitive properties. The only theoretically certain “secondary structure” concerns 
the distribution of spin in the lattices of ferromagnetic crystals and according to 
Heisenberg is not of a regular lattice-geometrical nature; it is of considerable 
importance in the understanding of the special ferromagnetic structure-sensitive 
properties, but of no fundamental importance in connexion with the general 
structure-sensitive properties (strength properties) of the ferromagnetic materials. 


* Important examples of theorem {b) are provided by all the re^lar or pseudo-regular crystals 
(diamond, rock-salt, aluminium, bismuth, etc.) if the super-lattice is regarded as consisting of the 
observed octahedral planes established here to be planes of cleavage or slip, 
t F. Zwicky, Proc. Nat. Acad. Amer. 15 , 816 (1929), and later papers. 
x F. Zwicky, Helv. Phys. Acta, 6, 210 (1933). P- 2 ^ 3 Smekal, Phys. Rev. 44 , 308 (i 933 )* 

§ M. Born and M. Goeppert-Maver, Hatidfmch der Physik, 2nd ed., 24 (2), chap. 4 (i 933 )> 
E. Orowan, Z.f. Phys. 79 , 573 (1932) Phys. Acta, 7 . 285 (1934); Z./. Phys. 89 , 774 (i 934 )- 
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§2. THE STRUCTURE AND GROWTH OF CRYSTALS 

(2.1) Per?nane?ice of actual crystal states 

The existence of structure-sensitive crj'stal properties, as in (1.2) (c), implies 
the existence of individual cr>'stal states, the differences and temporary stability 
of which are rendered possible by the slow rate at which equalization proceeds in 
the solid state. It follows from this permanence of the actual crystal states that the 
states occurring at the conclusion of cry stal growth suffer little if any appreciable 
change in the absence of alterations in external conditions. The most obvious way 
therefore of accounting for the variety of actual states is to attribute them to the 
behaviour during growth. Additional more or less easily demonstrable changes in 
the crystal state can be produced, principally by thermal or mechanical effects, 
the nature of which changes will then depend on the prior history in the solid state. 


(2.2) Latvs of crystal gron th 

The laws governing infinitely slow cry stal growth of a chemically pure material 
from a single ceyitre have been elucidated by Volmer and Brandes, Kossel and 
Stranski ; the ideal lattice is in this case built up by tangential growth along definite 
lattice planes of slowest growth, these planes having been calculated by Stranski 
for several types of lattice. For finite rates of growth the general tangential growth 
still takes place along these planes ; the molecular character of the growth, however, 
expresses itself in deviations, which are such as to give rise either to the presence 
of gaps in the growing cr^'stal or of variations in orientation*, and which may be 
considerably assisted, especially by high-temperature crystallizationf . The presence 
of impurities, which can practically never be excluded, leads to the incorporation 
of foreign atoms, in the form, depending on their nature, either of a solid solution 
or of inclusions (gaps) J — in the case of the very small amount of impurities present 
in the purest materials (lo"** to iO“'), without any appreciable alteration of the 
tangential growth along the selected planes of growth. Growth from several centres 
may occur due to excessive supersaturation of the main material or to the exceeding 
of a definite minimum concentration of specific impurities, the latter particularly 
in the case of crystal growth from the molten state. 'I’he formation of macroscopic 
“single” crystals by growth from several centres, encourages the development of 
variations of orientation up to strongly marked (“primary”) “block” structures. 
All the available evidence seems to confirm the fact that in the case of the purest 
materials and slowest rates of growth and also for growth from the molten state, 
fundamentally tangential growth occurs. Further complications in crystal growth 
are caused principally by spatial or temporal variations in the material available 
during growth, in which impurities may again have considerable effect. 

• “Structure-Sensitive Properties, “ loc. til., .Sections 7 ;uul K. 

t See the recr\‘stalli2ation results of H. Ci. Muller, P/ns. '/.. 35 , 646 11934). 

j A. Smekal, P/iys. Z. 35 , 643 (1934). also “ .Structure-Sen5.iti\ e Properties,” lot. <//., S'^ction 9. 


/ 


PSCIl 



98 


A. Smekal 


(2.3) Laws of primary crystal flaws 

The deviations from the ideal lattice during the growth of a crystal — gaps, 
variations in orientation, incorporated foreign atoms — we may call “primary’* 
crystal flaws. In the case of growth from a single centre from material of constant 
composition both in space and time, the number and distribution of these flaws are 
determined by the rate of deposition, the temperature and the individual properties 
of the material of the crystal and of the impurities present. According to (2.2) the 
spatial distributiofi of the flaws is statistically ordered along the principal planes of 
growth. The number of flaws in general increases with the rate of growth and with 
temperature. If these factors are constant, the number of flaws in the same type 
of lattice is smaller the greater the lattice energy, and for ionic crystals therefore 
the greater the valency of the components*. The development of flaws is therefore 
under attainable conditions of crystallization for macroscopic three-dimensional 
crystals to be considered as just as fundamental a property of the crystalline state 
as the Brownian molecular motion is of gases and liquids ; the flaws can in a sense 
be considered as a “frozen Brownian motion.” The most important flaws seem to 
be due to incorporated foreign atoms, especially in crystals with maximum lattice 
energy (diamond, carborundum); in these substances, the fewest flaws are to be 
expected in crystals of those materials, for which the strongly unsymmetrical nature 
of the lattice favours the incorporation of the most diverse impurities in the form 
of solid solutions, e.g. certain silicates (mica). On the other hand, impurities may 
in special cases, by stopping most of the possibilities of growth, lead to a very 
perfect “two-dimensional” crystal growth, from which variations of orientation 
are practically excludedf . 

(2.4) Laws of secondary crystal flaws 

The result of any alteration in the primary flaws or the formation of new flaws 
in an already developed crystal will be referred to as “secondary” crystal flaws. 
Two of the simplest cases are of special importance: 

(f?) Alteration of the temperature from that of crystallization has the following 
effects: (a i) Distortion in the neighbourhood of incorporated foreign atoms not 
forming solid solutions, as a result of thermal expansion of the lattice; these lead 
either (a i.i) to local inclusions by self-diffusion or {a 1.2) to local development of 
mechanical cleavage-, slip- or twinning-planes. (a 2) Supersaturation of the 
lattice structure with regard to the foreign atoms included as solid solutions ; the 
lattice distortion produced in this way is due to flaws caused by the segregation of 
the superfluous foreign atoms locally along mechanical cleavage-, slip-, or twinning- 
planes. 

{b) By intentional or unintentional mechanical effects (e.g. mechanical working, 
cleavage) local cleavage-, slip-, or twinning-planes are formed, and possibly also 

• “Structure-Sensitive Properties,” loc. cit.. Sections 8 and 9. 

t For more detailed information on this question, see “ Structure-Sensitive Properties,” loc. cit., 
Sections 9 and 23 (c). 
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slip- or twin-bands running right through the crystal. According to all the evidence, 
such phenomena are always associated with the development of flaws, distributed 
along slip zones of finite thickness. At the same time many complications may also 
occur, with which it is not possible to deal here in greater detail*. 

Special attention must be called to the fact that the flaws formed as in {a 1.2) 
and in (b) on mechanical cleavage-, slip-, and twinning-planes change in time, even 
at the temperature of origin and more easily at higher temperatures, by the self- 
diffusion of particles; which in the case of primary flaws can only occur in materials 
with very high rates of self-diffusion. The number of newly formed secondary 
flaws is regularly connected with the intensity of the causative influence. Since the 
mechanical cleavage-, slip-, and twinning-planes coincide with the planes of the 
crystal described in (2.2) as the principal growth planesf, the secondary flau'S are 
statisticallv arranged about the same planes as the primary flaws. 


(2.5) Distinction between primary and secondary crystal flazvs 

Whilst primary flaws are characterized in general by their amicroscopic dimen- 
sions, secondary' flaws may reach such a size as to permit of resolution under the 
microscope, or even occasionally of macroscopic visibility. Direct conclusive in- 
formation as to the existence of primary flaws is as stated in (2.4) only possible at 
the crystallization temperature; indirectly of course, evidence of the presence ol 
insoluble impurities at any temperature is sufficient. 'I'he presence of flaws of a 
size visible under the microscope at temperatures well below that of cr\'stallization 
always affords good reason to suspect their secondar>' origin; this can be proved 
with certainty by observing changes in the flaws, on heating up to the crystalliza- 
tion temperature. 


(2.6) Layer, block and mosaic structures 

The complete application of the foregoing criteria to the hitherto ()bserved 
regular layer, block and mosaic structures has not yet been carried out in all im- 
portant cases. The suspicion on general grounds ot the secondary nature ot the^e 
“ empirical” structures can however be brought forward as evidence in the case 
of the mosaic structure of NaCl and the twin-band structure of KCIO, crystals. 
The familiar behaviour of impurities segregated later is observed for the etching 
properties of Goetz’s block structure in bismuth and in the layer structure of zinc, 
and according to (a 2) implies their origin as in (2.4) ; the presence of foreign atoms. 

introduced intentionally, along pseudo-octahedral planesof bismuth l.as been proved 

by Goetz and his collaborators by magnetic and radioactive methods. Also the 
layer structure found by Straumanis in hexagonal metals {'/ax, C'd) involves the in- 
corporation of foreign atoms. Finally it should be emphasized that none ot these 

* “ Structurc-SL-nsitivL- Propt-rtifs." hx'. at-, St c iions lo .irui iz. 

■\ “Structure-Sensitive nr*)perties.'' toe. <//., Section 23 
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structures possesses exact regularity, but that they rather show only the expected 
“statistical ordering”*. 

§3. CRYSTAL FLAWS AND STRUCTURE-SENSITIVE PROPERTIES 

If there is a causal relationship between crystal flaws and the structure-sensitive 
properties of ciy^stals of a material in the sense of (1.4), then the following very 
simple conclusions as to those properties which depend on a large number of 
flaws may be drawn : 

(a) Different conditions of ciy-stallization give crystals which differ in their 
structure-sensitive properties, and so provide proof of their structure-sensitivity 
[variation of distribution of flaws as in (2.3)]. 

{b) The structure-sensitive properties of different individual crystals agree 
with each other if the conditions of crystallization are kept constant [similarity of 
primary flaw distribution as in (2.3)]. 

(r) Similar agreement to that in (b) is shown by crystals with exactly the same 
conditions of crystallization and previous history [similarity of secondary flaw dis- 
tribution as in (2.4)]. 

(d) The structure-sensitive properties of the same crystal can be altered in a 
regular manner by thermal or mechanical influences, so that the structure-sensitivity 
even in a single individual is demonstrable [difference between primary and secondary 
flaw distribution as in (2.4)]. 

(e) If variation in the structure-sensitive properties is caused by the heat- 
treatment of crystals with isotropic thermal expansion and not subjected to 
mechanical treatment, this is due to the effect of foreign atoms [alteration of flaws 
due to foreign atoms as in (2.4), (a) without other secondary effects]. 

On account of their dependence on causes which follow statistical laws, the 
numerical values of the structure-sensitive properties of different individual crystals 
will in general be somewhat different and will possess definite characteristic frequency 
distributions. Consequently we have the following: 

(/) The average fluctuation of a structure-sensitive property is smaller the more 
flaws are causally active and the more similar flaws are available for this purpose. 

(g) If a structure-sensitive property depends only on one or a few flaws, large 
variations in its value may occur. 

II. RESULTS FOR SALT CRYSTALS 

§4. EXPERIMENTAL PECULIARITIES OF SALT CRYSTALS 

At the time w’hen our experimental w^ork on the questions dealt with above was 
begun, researches of a different nature had already been undertaken by several 
w'orkers on metal crystals. The chief reasons w^hy we selected salt crystals were: 

* “ Structure-Sensitive Properties,” loc. cit.. Section lo. The super-lattice interference effects to 
be expected according to Zwicky as in (i.6) in the case of a perfectly regular secondary structure, 
have not been observed in any case. 
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(fl) the completeness of the theoretical knowledge of the ideal simple ionic lattice ; 
{h) the ease of preparation of salt crystals from a melt and the existence of natural 
crystals grown nearly at room temperature; (c) the optical check provided by the 
transparency of salt crystals, as to the intentional or unintentional introduction 
of foreign atoms; the fact that self-difFusion can be measured by means of the 
ionic conductivity; (f) the relatively great brittleness and distinct plasticity of salt 
crystals ; (/) the optical and thermal isotropy ; (g) the possibility of detecting primary 
crystal flaws and their alteration due to external influences by photochemical and 
photoelectric methods (see § 5). So far as is known, no other group of substances 
unites in itself even approximately as many advantages, as a comparison with the 
later work of Goetz and his collaborators on bismuth crj^stals will show. With 
regard to their structure-sensitive properties, salt crystals are at present the best 
understood class of crystals, although even here many questions require further 
work before they can be answered. It is impossible in the following to give a com- 
plete survey of present knowledge of the subject*. 

We restrict ourselves therefore to results which for fundamental reasons cannot 
up to the present be obtained from other substances and which are primarily related 
to the possibility of detecting primary and secondary structural flaws in crystals. 

As far as the ge?ieral structure-sensitive properties and their relation to structural 
flaws are concerned, it would be expected from the reasons set out in the theoretical 
section that the results should apply also to crystalline materials of any class. 


§5. DETECTION OF STRUCTURAL FLAWS IN SALT CRYSTALS 

(5.1) Wave mechanical basis of photochemical properties of crystals 

According to the wave mechanics of crj'stal lattices, a locally fixed electron- 
binding is impossible in the interior of either a finite or an infinite lattice; on the 
other hand, it is possible at the internal and external surfaces and (what is practically 
the same thing) also at and in the immediate neighbourhood of foreign atoms which 
are not present in the form of a solid solutionf . 

In non-conducting salt crystals, therefore, flaws in the crystal structure are 
characterized by locally fixed electron bindings and can be investigated by means of the 
particular absorption spectrum of these bindings. Fundamentally, all the (anionic) 
particles located at structural flaws can be detected by absorption measurements, 
their concentration relative to the whole number of particles being of the order of 
lo-** to lo-L Further, the marking of definite flaws in crystal structure is only 
made possible by the fact that locally fixed electron-bonds can exist solely where 
there are structural faults; a local metastable excitation of the elements on the inner 
surface is necessary to secure sufficiently lasting marks without permanent local 
destruction of the structure of the crystal. In salt crystals, this is attained by the 

• The majority of the relevant papers are dealt with in " Structure-Sensitive Properties” {Inc. 
cit.), to which we refer in particular for low temper.iture self-dirlusion. 

t “Structure-Sensitive Properties,” he. cit.. Section lo (r). See also A. Sniekal, I hys. 

35 , 363 (1934)- 
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photoelectric ejection of the electron from an anion in the flaw, and its photo- 
chemical union with a neighbouring cation of the flaw, so that two neutral atoms 
are formed locally, the absorption spectrum of these atoms making it possible to 
deduce the number, space-distribution, stability and effectiveness of the structural 
flaws so marked. 

(5.2) Photochemical marking of amicroscopic structural flaws in rock-salt 

The procedure described above has been applied to the various alkali halides 
and to fluorspar. In the particular case of rock-salt, it corresponds to the amicro- 
scopic yellow coloration discovered by Goldstein in 1896 on irradiation with short- 
wave ultra-violet light*, which is due to separated sodium atoms, and possesses an 
easily measured absorption band in the blue. Electrons are photoelectrically ejected 
from the sodium atoms by absorption in this band, and after longer free paths, 
separated chlorine atoms can finallyj* revert to ions, so that the original uncoloured 
state of the crystal is restored 

All processes for the production of such colours which are not, or are not purely, 
photochemical (coloration by adding alkali or alkaline earth vapours, by electron 
bombardment, or by irradiation with cathode rays. X-rays or radium rays) are 
demonstrably connected with secondary- alterations of the structural flaws marked, 
which in general still remain after the decoloration of the crystal J. It is easy to 
convince oneself experimentally by this method that colouring a crystal really 
depends on locally fixed electron bindings. 

(5.3) Detection of ultra-microscopic structural faults 

'I'he photochemical colours are sensitive to heat. If they are replaced by 
additive colours of sufficient intensity, stable under heat treatment, then the 
sodium atoms, which are responsible for the coloration, are caused by moderate 
heat treatment to coagulate into particles detectable by the ultra-microscope. In 
many cases the particles are arranged in the interior of the crj'stal along plane or 
curved intersecting surfaces, so that an otherwise undetectable internal crack 
system of the cry stal is made accessible to microscopic investigation. After internal 
vaporization and further coagulation, the same ultra-microscopic distribution is 
obtained, thus proving the definitely localized nature of the crack system §. The 
demonstration of such crack systems, occurring predominantly in imperfect crystals, 
by means of the amicroscopic colours from sodium atoms, gives an independent 
proof that the amicroscopic colours also are associated with structural flaws, as 
required by the theor}' II (5.1). 

* A. Smekal, Wietf. Anz. p. i 05 (1926); Proc. Int. Congr. Phys., Como, 1927, 1 , i8r (Bologna, 
1928); Proc. %th Int. Congr. of Photography, Dresden, 1931, p. 34 (Leipzig, 1932); Phys. Z. 33 , 204 

(1932)- 

+ For the possible intermediate processes, compare Section 10(6), “Structure-Sensitive Pro- 
perties,” loc. cit. 

X The photochemical detection of changes in secondar>- flaws has been ver>' thoroughly treated 
by H. J. Schroder, Z.f. Phys. 76 , 608 (1932); and K. Helbig, Z. f. Phys. 91 , 573 (1934). 

§ E. Rexer, Z.f. Phys. 75 , 777 (1932): 76 , 735 (1932). 

A. Smekal, Proc. 8f/j Int. Congr. of Photography, Dresden, 1931, p. 34 (Leipzig, 1932). 



Structure-sensitive properties 103 

§6. CRYSTAL STRUCTURE AND PHOTOCHEMICAL COLORATION 

(6.i) Structural smsitiviiy due to structural flaws 

If the photochemical coloration of rock-salt crystals is investigated under 
the action of the same number of quanta of ultra-violet light, the coloration being 
measured by the height of the absorption band at room temperature, then the 
following results are obtained : 

(a) Crystals which are produced under different conditions, give different 
colorations. 

(b) Crystals made under exactly corresponding conditions, give exactly the 
same coloration. 

(c) Crystals prepared in a similar way and with the same history likewise give 
the same coloration. 

(d) 1 he capacity for coloration of a crj^stal is systematically increased by me- 
chanical treatment. 

(f) Purely thermal treatment similarly produces a regular change in coloration. 

We see that the photochemical coloration of rock-salt is a structure-sensitive 
property, and complies in fact with the very simple laws required by § (3), («) to 

(e) for a property conditioned by faults of crystal structure. 

We have found that the same laws also apply to the structural flaws which are 
directly demonstrated by the ultra-microscope in the manner explained in (5.3). 
By the method mentioned, it has been proved conclusively that the photochemical 
coloration is connected directly with the primaiy^ and secondary structural flaws in 
rock-salt, and that in them, according to (e) and § 3 (e), foreign atoms play an im- 
portant part*. 

The latter fact receives further confirmation from the increasing capacity for 
coloration in synthetic rock-salt crystals with increasing quantities of insoluble 
impuritiesf . 

(6.2) Distribution and properties of flaws 

According to (5.1), all particles on the inner surface of a cr\ stal can be identified 
by optical and photochemical methods. 'I'hat these particles are present in a 
definitely limited number is shown according to (5.1) not onlv by the optical 
method for the uncoloured crystal, but also from the approach to a definite photo- 
chemical colour saturation when the ultra-violet irradiation is continued inde- 
finitely, From the time rate of coloration and of decoloration, or from repeated 
coloration and decoloration, it is generally possible to deduce tlie nature and 
stability, as well as the spatial distribution of the flaws in the crvstal|. It is found 

* At a purity of 99'99 per cent to 99-995 per cent of NaCl, the nutnher of foreiun atoms and the 
optically determined number of structural-Haw cations are of only slightly ditferent orders of 
magnitude. 

t Cf. A. Smakula, Gott. Nochr. p. iio (1929); K. HoHm.inn, f. Pliys. 94 .Smt-kal, 

Phys. Z. 35 , 643 (1934)- 

X The photochemical detection of changes in secondary (laws h.is been \er\- tliorougiily treated 
by H. J. Schroder, Z.f. Phys. 76 , 608 (1932); and K. Helljig, Z. f. Phys. 91 573 (it;34). 
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that the flaws are neither of the same type nor arranged at equal distances, so that 
with reference to these two factors, there is a definite distribution of flaws for each 
crystal. The very close accordance between the colours of different parts of a syn- 
thetic crystal is due to the very great number (e.g. per cm?) of colouring atoms, 
and the identity of distribution properties of the flaws indicated by these atoms. If, 
however, just as many colour-atoms are produced in similar crystals through 
differejit colouring and decoloration operations, then the difference in the time-rates 
of their decoloration shows that different distributions of flaws are indicated. It has 
been shown by similar experiments using heat treatment or mechanical working 
that the secondary flaws so produced (see (2.4)) are in a markedly unstable con- 
dition, and only after a considerable time is a quasi-stationary behaviour reached, 
consequent on rearrangement of the elements on the internal surfaces*. 


§7. MACROSCOPIC STRENGTH LIMITS OF SALT CRYSTALS 
(7.1) Structure sensitivity of macroscopic strength-properties 

It was emphasized in (i.i) that the strength properties of all materials are 
structure-sensitive. We have shown by a series of detailed experiments that for 
natural and artificial rock-salt crystals and for other alkali halides, the very simple 
laws set out in § 3 (a) to {e) for a property of crystals determined by flaws^ are fulfilled 
at all temperatures. It is to be specially noted that the strength properties are 
markedly dependent on the thermal history of the material of the crystal, and that 
therefore the flaws due to admixture of foreign atoms are concerned in a con- 
siderable degree. 

Artificial crj^stals with increasing quantities of insoluble foreign atoms intro- 
duced, show regular corresponding changes in strength. For simplicity we confine 
ourselves in the following to the limits of cohesion and of plasticity under simple 
tension or compression. 

(7.2) Macroscopic cohesion of crystals 

The experimental separation of cohesion and plasticity is obtained for rock-salt 
on cooling to low temperaturesf. From about - 200"" C. downwards, rock-salt 
crystals may be regarded as brittle, so that at these temperatures they are similar 
to the numerous brittle inorganic cr>'stals. The tensile strength is independent of 
the cross-section of the crystal and thus measures the macroscopic cohesion of the 
crystal ; it is almost independent of temperature and amounts for the purest synthetic 
crystals, perpendicular to the cube faces, to about 600 gm./mmr, with a mean 
deviation of i 6 per cent. This cohesion limit is systematically reduced on the 
introduction of increasing quantities of insoluble foreign atoms, or by mechanically 
produced distortion!. With increasing temperature, the ultimate strength first shows 

* K. Helbig, loc. cit. 

t A. Smekal, Z.f. Phys. 83 , 313 (1933); Phys. Z. 34 , 633 (1933). 

X \V. Burgsmuller, Z.f. Phys. 80 , 299 (1933): 83 , 317, 321 (1933). 
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a fall to a minimum (200 gm./mm?) at about room temperature, and later rises steeply 
to a maximum (> 10,000 gm./mm?) in the neighbourhood* of 650° C. 

Since this and all the related peculiarities are connected with the occurrence of 
cr>^stal plasticity, which changes the single crystal into a polycrystalline aggregate, 
we shall only deal in detail with the commencement of plasticity. 

(7.3) Macroscopic elastic limit 

The stress which produces any fixed small plastic extension decreases smoothly 
with rising temperature. However, it is quite impossible to determine the “true” 
commencement of plasticity by any limiting extension defined in this or a similar 
way. If we define as the “ limit of elasticity,” that stress at which the first permanent 
changes within the crystal are detectable, then in general the results will still depend 
on the sensitivity of the technique employed. If we employ however the properties 
most sensitive to structure, then we may hope to arrive at lower critical stresses 
than those that can be determined up to the present. We first investigated this limit 
carefully at room temperature, and found that by means of the double refraction 
due to stress f or by means of ionic conductivity! we obtained low limiting stresses, 
but that the determination of a “photochemical limit of elasticity” was the most 
sensitive method§. 

There are here in a noteworthy way two methods which give concordant data: 
the external stress is determined, above which the tendency to photochemical 
coloration (§ 6) of an uncoloured crj^stal increases, and at which a coloured crystal 
experiences a decoloration ||. For the purest unannealed synthetic rock-salt crj^stals, 
this photochemical limit of elasticity is 37 gm./mmr, at room temperature, for 
compression perpendicular to the cube faces of the cr^^stal. Crystals with insoluble 
foreign atoms (SrCIa) in the lattice yield exactly the same stress, independent of the 
content of impurity^ . 

The “yield point” determined in compression or tension from the striations 
due to slip bands on the surface, or from the appearance of the first complete slip 
planes of the crystal as recognized by double refraction under stress, is, on the 
other hand, about 1^0 gm. 'mm: for the pure crystal, and shows a steep increase 
with increasing content of foreign atoms**. 

(7.4) Plastic deformation on slip planes 

The first permanent alterations in the interior of a deformed crystal, according 
to the foregoing, are of a local nature, since the first complete slip planes recogniz- 
able by an external change of form occur at a higher stress. Optical stress measure- 

* W. Burgsmuller, loc, cit.\ \V. 'rheilc*. Z. f. Pliys. 75 . 763 (1932) ; Malinkc, Z. /. Phys.^O, 

177 (1934)- 

t W. Schiitze, Z.f. P/ivs. 76 , 135 (1932). 

I M. Kassel, Z.f. Phys. 90 . 287 (i 934 )- 

§ H. J. Schroder, Z.f. Phys. 76 . 608 (1932): I^>ser. Z. /. Phys. 91 . 593 (i 934 )- 

II A. Smekal, Wien. Anz. 22. 46 (1927); H. J. Schroder, toe. cil. 

Q E. Poser, /or. aV. , .,0 

A. Edner, Z.f. Phys. 73 , 623 (1932); H. Sch<infcld. ihiJ. 75 , 442 (1932); • Metag, ihiJ. 78 , 


363 (1932); W. Klemm, ibid . 94 (1935). 
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merits on potassium halides* * * § have explained the intermediate phase as the formation 
of local limited slip planes^, which spread with increasing stress, and finally develop 
into complete slip layers. In the presence of several crystallographically equivalent 
slip planes, this pre-growth favours chiefly the slip planes, in the direction which 
is that of the shortest length within the crystal ; this preference is actually observed 
in artificial rock-salt crystals, and still remains at greater deformations J. The crys- 
tallographic nature of the slip planes produced depends on the relation between the 
direction of the tension or compression relative to the crystal lattice, as well as on 
the temperature. In rock-salt, rhombic-dodecahedral, cube and octahedral planes 
can be slip planes, with the normal to the rhombic-dodecahedral plane as the 
common slip direction §, whilst the first two mentioned planes can also be cleavage 
planes. The photoelastic investigations show that the directions of the crystallo- 
graphic planes merely represent preferred directions, which only agree with the 
actual slip surfaces within a certain deviation. The origin and course of the actual 
slip planes are therefore determined by conditions which are not fundamentally 
crj'stallographic. 


§8. STRENGTH PROPERTIES AND CRYSTAL FLAWS 

From the experimental data given above (§ 7) and from the results on flaws 
(§§ 5 and 6) the following relations between the limits of strength and flaws in 
crystals can be deduced. 


(8.1) Alacroscopic cohesion a?id flaws in crystals 

Macroscopic cry stal cohesion is in general dimmished by increase of flaws (7-2). 

I'he greatest observ ed diminution, to a quarter of the cohesion of the purest crystal, 

was produced by a two- to fourfold increase of the flaws. We conclude from this that 

the cohesion of rock-salt is determined by a large number of flaws, which however 

in view of the considerable dispersion of the experimental results cannot all be 

distributed in the same way ; in fact it has been shown that the formation of the 

* * 

breaking surface mainly proceeds from the surface of the crystal jj. A diminution 
of the macroscopic cohesion by the concentration of stress at hollow flaws is 
theoretically explicable without difficulty, and is reconcilable also with the theory 
of the ideal lattice, according to which at the moment of breaking at the critical 
flaws, stress maxima of the order of magnitude of the cohesion in the ideal lattice 
are to be expected^ . A calculation of the ratio of the two cohesions (600/200,000 


* \V. Schiitze, Z.f. Phys. 76 , 135 (1932). 

f ^’he formation of locally limited slip planes has been definitely shown by ultra-microscopic 
(§ 5) and by optical stress observations to be related to the thermal action of foreign atoms mentioned 
in (2.4) under («). 

X D. Mahnkc, Z.f, Phys. 90 , 177 (1934), p. 178; A. Smekal, Z.f. Phys. 93 , 166 (1935). 

§ Cf. E. Rexer, Z.f. Phys. 75 , 777(1932); S. Dommerich, 90 , 189 (1934); H. Wolff, 

93 . 147 ( 1935 )- 

Cf. H. Schonfeld, Z.f. Phys. 75 , 442 (1932). 

^ A. Smekal, Phys. Z. 26 , 707 (1925); 27 , 837 (1926); 34 , 633 (1933). 
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to 400,000 gm,/mm:) has not hitherto been possible in regard 
of a multitude of flaws*. 
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to the mutual actions 


(8.2) Spectroscopic determination of molecidar cohesion in crystals 

On account of the gradual nature of the failure in tension, there are at the 
moment when this commences, so few points of maximum stress, that their experi- 
mental investigation seems hopeless. This is not the case with compression, where 
an immense number of cleavage surfaces are formed. We have found that crystals 
with flaws which are photochemically marked give a shift of the absorption band 
of about 95 A. towards the red, at this limit and at room temperature (3000 gm. /mmr 
perpendicular to the cube faces)']'. This shift is independent of the numberof primary 
flaws, and corresponds to a local increase of energy of 8 x ergs, or 0*0^ e.^^ 
per colouring atom. In homogeneous elastic strain of the ideal rock-salt lattice, 
this increase of elastic energy per lattice element corresponds to 300,000 gm. mmf 
perpendicular to a cube plane, which agrees extremely well with the cohesion of the 
ideal lattice (200,000 to 400,000 gm./mmr). In view of the expectation of the general 
correctness of the ideal lattice theory given in (1.4), this agreement indeed verifies 
the order of magnitude of the actual molecular cohesion given hv this theorvl. 


(8.3) Crystal flaws and photochemical elastic limit 

From the procedure used to determine photochemical elastic limits (7.3) it 
follows definitely that the first detectable permanent changes of a crystal on mechanical 
deformation occur at the flaws. 'I’he destruction of colouring atoms at the photo- 
chemical limit of elasticity yields an energy increase of about 2*4 x io~‘'*ergs. or 
0*15 e.V. per colouring atom, as estimated by photoelectric and thermal methods§. 
If this quantity of energy due to the coloration is attributed to an ion-pair in the 
flaws concerned, then we calculate, in a similar way to the above, that at the flaws 
there are stress maxima of the order of 350,000 gm. mm‘: I'urther, the commencement 
of plasticity is thus determined by local overcoming of the ideal lattice cohesion, which 
spreads out from the positions of these flaws. 'I'he result of this local overcoming of 
cohesion is in a certain sense observable even in an amicroscopic stale, namely by 
the increase in the number of jhrws, established by the inere.ising caj'^acity for jihoto- 
chemical coloration at the photochemical limit ot elastieit\ (7.3). I’Vom these facts, 
it follows that the first changes in flaws must occur in \\\y flaws of ma\imum stress, 
and that therefore the photochemicallv determined stress limit actually represents 
a finite “limit of elasticity.” From this it can easily be understood that this limit 
might be unaffected on artificially adding flaws by introducing foreign atoms: tiiis 

• The onlv partially xeriheii fracture* theory ot A. .\. Cirillitli <»n tlie liMciure ol t'l.iss assumes 
siriRle cracks Rrowinji with the stress, an<l le.iel'. tor rock-salt to a tii-pth ol tlu- orcK r ol 0 5 mtn. 
for the cracks, which is disproved l)y the fact that the macroscopic colu siou rem.irti'. unaiterc<l e\eii 
down to the smallest cross-sectiorts (0 2^ mm-). 

t K. HelbiR Z.f. Phys. 91 . 573 (opu); l^>ser. Z. /. /Vc 01, 5.^^ fi.pM'. 

i A. Smckal, P/iys. Z. 34 . 633 ( i‘;33) ; a simti.ir conclu'ion .1 • rc.i. lu vi iti /Vn-s. Z. 27 , S3 7 1 1 7 ’0). 

§ The numerical values (.juoted in the last-mentioned w<ti lN are lu re coi i<. «. ii-vl by me. ms ol a 
recently published determittation of the ratio ol the plioloeh cti ic .iiul tlu- tiu rtual eru rcies rei|U)’ ' d 
for ionization (A. Smakula, CJolt. .Xac/ir. p. 55 
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must occur for flaws whose properties only permit less than the highest stress maxima. 
The close reproducibility of the photochemical limits of elasticity (±5 cent) 
implies considerable differences of stress maxima in this case, since the experimental 
determination of the photochemical limit of elasticity demands that there must be 
permanent changes on at least 5x10^^ flaws per c.c. 

(84) The mechajiism of plastic deformation on slip planes 

The preceding results give the local and energy requirements for the commence- 
ment (7,3) and the development (74) of plastic deformation, which every applicable 
theory of plasticity must bear in mind, and which must be linked up with dynamical 
ideas. The observed types of slip plane (74) find an explanation purely on energy 
grounds as planes of minimum energy of molecular separation in relation to neighbour- 
ing directions of the lattice structure^ along which the propagation of stress maxima 
through the crystal lattice occurs most easily The increase of external macroscopic 
stress required for this follows doubtless partly from the local variations in the in- 
homogeneity of the distribution of elastic stress at the peaks of stress, and partly 
from the disturbance of their propagation due to adjacent flaws f. The observed 
decrease of the elasticity limit and yield point (7.3) with increasing temperature 
shows further that heat motion participates energetically in the local overcoming of 
lattice cohesion, and in the propagation of the stress maxima. This results from the 
influence of the occurrence of high stress maxima on self-diffusion processes within the 
flaws: the “energy of separation” of the individual crystal elements is so greatly 
reduced by the local supply of elastic energy, that their thermal diffusion occurs 
enormously faster than in a mechanically unstrained crystal; on this account an 
advance of these stress maxima is possible, which can lie further behind those 
corresponding to the cohesion of the ideal lattice, the higher the temperature|. 
It seems possible§ that such molecular processes, with a slip direction as preferred 
direction, represent the fimdamental pheno?nena of plasticity and cause slip within 
flawless regions of the lattice; molecular diffusion processes of this kind possess 
the characteristic dependence on time and non-crystallographic nature of macro- 
scopic plasticity processes, whilst their fundamental reduction at low temperature 
yields the increasing brittleness (7.2) found here. It is satisfactory that the recent 
plasticity theory of G. I. Taylor|| has adopted many parts of this earlier work in 
its basis. As far as I can see, this theory is only in serious disagreement with 
experience — in relation to the commencement of plasticity and the nature of 

* A. Smekal, Phys. Z. 34 , 633 (1933); “ Structure-Sensitive Properties,” loc. cit. section 23 («), 
table ly and section 20 (</). 

t The statistical arrangement of flaws about the slip planes which coincide with planes of 
slowest growth as given in (2.3) and (2.4) is consequently important for the macroscopic strengthening 
of the cr\stal. 

t The qualitative explanation of the temperature-dependence of plasticity due to this cause was 
stated by A. Smekal, Phys. Z. 34 , 633 (1933), and later in a form differing only in externals by E. 
Orowan, Z.f. Phys. 89 , 605 (1934), who dealt in detail with the yield points in metal crystals. 

§ A. Smekal, Phys. Z. 34 , 633 (1933); “Structure-Sensitive Properties,” loc. cit. section 23 («), 
table 19 and section 20 (d). 

G. I. Taylor, Proc. R. S. .A, 145 , 362, 388 405 (1934). 
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“hardening** — where its assumptions are different from the above general results. 
By the direct measurement of molecular crystal cohesion on single atomic particles 
of the crystal flaws, it seems in any case to have been shown with certainty, that 
the effect of flaws in combination with the theory of the ideal lattice must be taken 
into account for an understanding of macroscopic strength properties of cr)^stals. 


DISCUSSION 

Dr C. H. Desch. The evidence for a secondary structure in crystals is not 
derived from any single property, but is cumulative. Among the facts which lend a 
strong support to the hypothesis are those concerning the attack of solvents on 
crystals. That etch-figures arise either from impurities or from convection currents 
has been disproved, and the regularity of their distribution on uniform crystal faces 
indicates a periodic structure, 'Fhe dimensions found for bismuth by Goetz require 
a unit of i*4/x, whilst Belaiew’s pits in a-iron give a cube of 0-2$ side. In other 
crystals the unit may perhaps be several microns. A dodecahedral face of a tin 
crystal gives long parallel ridges on etching, and these ridges are crossed by markings 
approximately 2 apart. Silicon iron gives a coarser pattern, which corresponds 
very closely with the magnetic pattern recently found by McKeehan to be given by 
a colloidal suspension of ferric oxide on a magnetized silicon iron crystal. 1 he facts 
that on deformation slip occurs only on planes many thousands of atoms apart, and 
that the behaviour of metals on melting and of certain non-metallic substances, such 
as arsenious oxide, on solution in water, points to the survival of small blocks of the 
same order of magnitude for an appreciable time, lead to a similar conclusion. The 
papers read at this Conference make it clear that there is as yet no satistactory 
proof of the origin of a secondar\^ structure on this scale, but whatever its theoretical 
basis, practical experience clearly indicates its existence. 

Prof. E. N. da C. Andrade. Some experiments carried out by Mr J. G. Martin- 
dale and myself throw light both on the stability of the crystal lattice and on the 
question of faults in crystals, discussed by Prof. Sinekal. 'I'hin films of metal, in 
particular of gold and of silver, were deposited on various surhices by cathodic 
sputtering. The surfaces were very carefully cleaned before deposition, and con- 
ditions were chosen so as to give very uniform and reproducible films. Particular 
care was taken to avoid any heating ol the films during sputtering. Alter prepara 
tion the films were heated in vacuo at various temperatures between 230 and boo 
and the modifications produced were studied microscopically, up to very lugh 
magnifications. The microscopic method is inferior to the electron ditlraction 
method in that it gives no direct information as to the spacing ol crystal planes, but, 
on the other hand, it gives information as to local variations ol structure and as to 
crystal boundaries, which the electron method cannot supply. I his intormation can 

be supplemented by the use ot polarized light. 

The films, which were about 50 atoms thick, appeared, before heating, perlectly 

homogeneous under the highest magnification. Alter heating at ^ ,0 t . I >r an 
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or two the film appeared unchanged to the eye, but under the microscope small 
specks, vaty'ing from about 0-5 to 3 /z in diameter, were seen. These, examined in 
parallel plane polarized light between crossed Nicols, showed as white discs with a 
black cross superimposed, reminiscent of the rings and cross figure observed with 
uniaxial crystals in convergent polarized light. The appearance is shown in figure i, 
w here the magnification is x 5000. The arms of the cross are parallel to the planes of 
the analyzing and polarizing Nicols, and rotate with the Nicols; while rotating the 
specimen leaves them at rest. This is the known optical behaviour of spherulites, 
which are spherical masses of fibres of birefringent crystal, arranged radially. The 
resolution is not sufficient to enable us to decide that the mass is actually spherical 
it might be a cone-shaped mass of radiating uniaxial fibres, or a hemisphere. We 
have here evidence for crystalline fibres radiating from a centre, and that these 
fibres are birefringent, which is remarkable since both gold and silver, with which 
the phenomenon was observed, are cubic. The formation of these centres is inde- 
pendent of the surface, and has been obtained with ordinary glass, fused quartz 
glass, the natural faces of diamond crystals and mica, and also at the free edge of a 
film, which shows that it is not due to strain. These spherulitic particles have even 
been obtained on top of a flat silver crystal, by heating a film laid down on top of a 
first film, which had already been crystallized by prolonged heating. 

Further heating, especially at a higher temperature, leads to a growth of the 
particles, but as they grow they lose their birefringence. The black intersection of 
the two arms of the cross increases in size, and finally w'e are left with a well formed 
cubic cry'stal, with its (i 1 1) face on the glass or crystal surface. Such crystals, which 
can be grown to sizes from 4/x to 15 /x across, show birefringence at the extreme edge 
only. Any particles which do not grow', retain their spherulitic character: any that 
do, lose it. It would therefore appear that, under the conditions of these experi- 
ments, at any rate, the cubic lattice is not stable for particles below 3 /i or so across. 
I'he effect is illustrated in figures 3, 4, 5, 6, which show stages of grow'th in a silver 

film on silica glass, after successive heatings. 

In these ciy'stallizations from the films, the crystalline aggregates are formed 
very slowly. Another way in which small particles can be formed slowly is by 
reduction of a solution of the metallic salt in silicic acid gel. Gold particles i to 2 ^ in 
diameter were prepared by reducing gold chloride in the gel with either sodium 
sulphite or oxalic acid. These particles, when washed clean and examined in parallel 
polarized light, showed the same birefringence as the ciy'Stalline aggregates in the 
films, as illustrated in figure 2. 

It seems unlikely that a few atoms can maintain themselves in a cubic lattice — 
clearly less than 8 cannot, and even with 10- or lo^ times this number there will 
probably be a tendency to form a spherical aggregate. In the light of these experi- 
ments it is suggested that the first stage of crystallization is the formation of such an 
aggregate, on which many flat ordered faces eventually appear, so that the form is 
polyhedral. From these faces, columns of ordered atoms grow out, which have an 
approximately cubical structure, but owing to the relatively small width of the 
columns, or fibres, compared to the length, the structure is tetragonal, with a small 
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difference of axial ratio. 'I'liis would seem to he plausible in view of Lennard- 
Joncs’ calculations of the different stable spacinj^ in a plane lattice, and in a cubic 



Figure I. Particles on heated t'lhn ( x 5000) 


I'i^ure z. Particles formed in silica ^el ( x 1650) 



Figure 3 I'igure 4 



Figure 5 I 'mure (. 

Figures 3-6, Successive stages of growth of particles on lieatinu' ( x S50) 

lattice, the tendency, in the case of particles between which van der \\ aals forces 
prevail, being for a wider spacing in the former state. When tlie number of planes is 
relatively few and their dimensions are also restricted, some tendenc) to the ^\Ider 
spacing should persist. As the total width of the spliendilic particles is onb a tew 
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thousand atoms, the single fibres may reasonably be supposed to be only a few tens 
of atoms across, and a few thousand atoms long. If these tentative suggestions are 
correct the birefringence is explained. 

Since prolonged heating never converted a small spherulite to cubic form it 
would appear that the ideal lattice is not stable for cubical metals below a certain 
size. 

I'he other aspect of the work to which I wish to direct attention deals with eflFects 
produced bv the surface on which the film is sputtered. With films prepared on glass 
surfaces (quartz glass or microscope cover-slips) the crystallites (spherulitic 
aggregates) showed a tendency to form up in well-defined lines, as illustrated in 
figure 7. Control experiments showed that these were not due to polishing scratches. 
'To see if the lines could be due to surface impurities the metal film was removed, 



I'iuurc 7. rariicles in siher film on silica glass, 
heated to 230^ C. ( x 850) 


Figure 8. 


Particles on silica glass, under strong 
grazing illumination ( x 850) 


the glass carcfullv cleaned and heated in z'acuo (at 55 ^° quartz 

glass), and a fresh film subsequently sputtered on it. This film, on heating, showed 
an identical pattern of lines, so that the effect survives very \igorous surface cleans- 
ing. On the other hand, abrasion and polishing of the surface, estimated to remove 
a layer 10 cm. thick, abolished the line formation. We concluded that the lines 
were due to ultramicroscopic surface cracks. Very strong grazing illumination 
failed to reveal any connecting line between the individual crystallites, as shown in 
figure 8, so that the cracks must be exceedingly fine. 

'i’o verify this, films were prepared on the natural surfaces of diamond crystals. 
Sir Robert Robertson, J. J. Fox and A. E. Martin* have shown that two types of 
diamond exist, for one of which (type 2) a mosaic structure is deduced from their 
experiments, while the other (type i) is free from submicroscopic faults. Specimens 
of each type were lent to us by Prof. W. 'P. Gordon, and films prepared on natural 
(ill) faces. The usual heating in vacuo was then carried out. In the case of type i 


* Phil. Trum. R'n\ Soc. 232 , 463 (n;34). 
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there was no tendency for tlie crystallites to form up in lines, as shown in hj^nirc 9* 
With type 2 very well marked lines were formed where no imperfection could he 
detected by the most rigorous conditions of illumination, as shown in figure 10. 
'The directions of these lines were measured. 'I'hey could all be accounted for by 



l’'iKure 9. Particles on tlianiotul, type i ( x 850) 



Figure 10. Particles on diamond, type 2 ( x 850) 


intersections of planes, with no index higher tlian 2, with the (iii) face, and one 

particular set of planes was strongly preferred. 

There seems little doubt, then, that the formation of tlie-^e lines of crystallites in 
metal films does really indicate surface flaws, too narrow to be detected b\ ultra- 
microscopic methods. It this is admitted it follows that these flaws ha\ e been direct!) 
shown to exist even in the surface of polished silica glass, as demanded by (jriflith. 
The method seems promising, and is being further investigatetl by me in collaboia- 

* The triangle is the outline of a natural >.urf.ice pit. 
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tion with Mr F. A. Walch. In particular, we intend to remove the polished surface 

and look for further flaws. v • * 

Referring finally to Prof. Goetz’s observations on foreign atoms, the experiments 

with very pure mercury which I have quoted in the discussion on the final group of 

papers* tend to show that impurities play little part in the discontinuities m meta 

crystals, as evidenced by glide planes. In the first place there will, on these planes, be 

only one atom of impurity to every few hundred mercury atoms with our purest 

mercury, and in the second place the spacing of the glide planes is independent ot 

impurity, which agrees with the findings of Prof. Goetz. 

Sir William Br.agg. It seems to be generally agreed that the “sensitive 
properties are due to the existence of a condition which may be described as a series 
of faults, cracks or discontinuities of some sort. Zwicky has supposed that the dis- 
continuities are regularly distributed in the crystal, being a consequence of the vety 
nature and composition of the crystal. On the other hand, it is maintained that the 
discontinuities are distributed statistically, being a consequence of the mode of 
growth or other accidental circumstances. As to the origin of the discontinuities, no 
theory has been suggested, except that of Zwicky whose arguments in support of it 
seem to be unsound, and Buerger’s interesting theory of lineages. 

It may be worth while to consider the matter in the following way. The formula 
which is taken to represent the forces governing the assemblage of atoms m a 

crystal, viz. 

72 

is extremely simple. It cannot provide for all complications. A very natural way of 
making it more general would be to suppose that the repulsive force represented by 
the second term is somewhat directive. The effects of such anisotropy would only 
become evident when the temperature was sufficiently lowered. Thus m a crystal 
formed at high temperature the atoms would be arranged with geometrical regularity, 
and the compound would be free of strain. As the temperature falls, strain would 
enter: if the cr\stal were cold worked, its atoms would seek g slight readjustment. 
Let it be supposed that relief can be obtained without altering the general distribu- 
tion of the atoms ; there are to be merely slight changes in orientation and move- 
ments which are small in comparison with atomic spacings. This rearrangement will 
relieve the strain in various regions but will not be able to do so throughout the 
crystal without interruptions here and there where adjustments must be made in- 
volving definite discontinuities of the order of the distances that separate the atoms. 
Hence would arise the discontinuities of Griffith, Smekal, Joffe, Orowan, Taylor 
and others. One might compare the effect with that of packing together in close 
order bodies which were not quite spherical. The packing would proceed regularly 
for a time with a growing misfit, which would at last require a fresh start to be made. 

In this way the crystal would become a mosaic. On occasion the blocks might 
possess some regularitv in size and so account for the observations of Goetz and 

others. 


* See p. 173. 
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A crystal formed from the melt would be geometrically regular in the first 
instance, but would, as the result of cold working, assume the mosaic form in which 
the blocks had in general lost their parallelism to some extent. 'Fliis would provide 
the spacings (which he calls L) required by G. I. 'Faylor. Increase of cold working 
would increase the extent of readjustment and the prevalence of the mosaic structure, 
and with that the hardening. Annealing would have the contrary effect. 

There is some support for such views in the fact that rock-salt crystals from the 
melt are geometrically more perfect (Ewald and Renninger) and yet have greater 
ionic conductivities and are more easily coloured by radiation : which would be 
expected if the separate atoms are not entirely at ease. And again in Robertson and 
Fox*s two types of diamond, that which is the more perfect geometrically and has 
less of a mosaic character has more absorption bands than the other. 

Again some such effect would account for the limitation in growth of certain 
crystals, and the persistence of association in companies of a definite order of magni- 
tude that is found on melting. 


Dr G. Antonoff. 'Fhe notion of molecular weight has been established as a 
result of work with gaseous matter, and owing to the Avogadro hypothesis it has 
become possible to express the same in definite units. Thus, when matter is in a 
gaseous state, there is a rational method permitting us to determine the molecular 
weight of a substance experimentally. 

But as soon as the material is presented in a state other than the gaseous, nothing 
definite is known about its molecular state, and the difficulty is in the want of 
methods for its determination. The substances in the liquid state are believed to be, 
according to the prevailing view, either “normal,” if their molecular weight is said 
to be the same as in the gaseous state, or “ associated ” when the molecular weight is 
supposed to be a certain multiple of that in a gaseous state. 

d'hese views, however, are based on a number ot empirical rules, whose theo- 
retical foundation is very poor. Besides, their agreement with facts is also highh 
illusory. 

As regards the solid state, practic-ally nothing definite can be said about it. It is 
even not obv'ious whether the question ot molecular weight in the solid state can 
arise at all. The X-ray method does not answer the question. 

Under such circumstances, it is nowadays realized by some authors that the 
problem must be solved on quite a diflerent liasis, and that some general principle is 
necessary, a principle analogous to that ot the Avogadro hypolliesis, which woukl 
give a rational solution of the problem tor states other than the gaseous. 

Assuming with van der W aals the existence of molecular forces. 1 have deduced 
some relations which connect the number ot molecules per unit \olumewith othci 

properties of matter. 

Imagine a crystal of rectangular form, wliicli consists ol molecules at an equal 
distance from one another. 'I'his is represented lyv dots in figure i wliere each dot 
represents a molecule, bach molecule is sui')i'tosed to originate a unitoim held ol 
force, no matter what is its nature, which may be (.litlereiU in \aIiou'^ (.ascs . 


J. I£. Lcnii.jrd-Joncs, Proc. l*hys. .V'« . -tS. .^(n (iv.t'C 




1 16 Discussion (G. N. Antonoff) 

This hypothesis is not the only one possible, but the result obtained remains 
substantially the same, and independent of the actual form of the law of attraction. 
For this reason, I limit this investigation to one form only. 

Imagine a line AB in the surface, connecting one row of molecules of unit length. 
The adjacent rows of molecules will exercise a pull on the line AB. Consider at first 
only the forces acting in the surface MNPG tangentially to it. The effect of mole- 
cules situated on one side of the line AB^ summed up together, results in a force OC, 
which is generally called the surface tension. 

It can be shown in a similar way that owing to the presence of molecules situated 
below the surface Tl/A'PG, there will be also a pull exercised on line AB in the 
direction perpendicular to OC and acting inwards, represented in the drawing by 
line OD. It will be of the same order of magnitude as OC assuming that the field of 
force is symmetrical, and will be somewhat bigger, as molecules on either side of the 



line AB will act jointly in this case. The field of force, according to the prevailing 
theories, is of such a nature that the force varies inversely as a high power of the 

distance. 

Consequently in the summing up of the forces due to individual molecules, the 
adjacent row of molecules will contribute the most important term in the sum. The 
total force acting on the whole surface MNPG inwards will be obtained by sum- 
mation of forces acting on all rows in the surface. This inward force per unit area of 
the surface is generally called molecular, or normal, pressure. 

It thus appears that if the number of molecules and their distance from one 
another is known, one can easily derive the normal pressure from the breaking stress 
of the crystal, and thereby also calculate the surface tension. 

However, in practice, it is not possible to proceed in this way, as one gets 
ridiculously low figures from the breaking experiments*, incompatible with other 
evidence. This is generally attributed to the fact that the crystal is never perfect and 
always has small invisible cracks, which diminish the resistance to traction to a 
considerable extent. 

* .-^ntonofF, Phil. 44 , 63 (1922); Z.f. Phys. Chem. 102, 388 {1922). 
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I shall therefore reverse the problem and calculate the inward pressure from the 
surface tension, which I can measure experimentally by a special method, which is 
independent of all imperfection in crystalline structure, and which I shall describe 
later on. 

For my calculations I shall use the formula 

P=Ko^,iK 


where P is the normal pressure, /v is a constant, x is the surface tension, and ;/ the 
number of molecules per unit volume*. 

In some previous publications this formula was used by myself for calculations 
assuming K—z (Phil. Mag. 38 , 419 (1919); ibid. 44 , 63 (1922); Z. f. Phys. Chem. 
102 , 389 (1922)). In the case of rock-salt, K may be put equal to i. 

As regards P its value derived from breaking stress experiments is generally 
ridiculously low. Putting the experimental value into the formula, I found for the 
surface tension of rock-salt the value i 4 dynes per cm. Such a low value may mean 
either that the value of P is so low owing to some imperfection in crystalline struc- 
ture, or our notion of molecular state is not correct. 

As a matter of fact, the data available in the literature (Ostwald, Z. f. Phys. Chem. 
34 , 503 (1900); Hulett, 37 , 385 (1901)) suggested such values for the surface 

tension of solids as 4000 dynes per cm. 

Assuming the attractions to be purely electrical, I obtained the value 3500 

dynes per cm. (he. cit.). 

Under such circumstances, I made it a point to devise a method for determina- 
tion of surface tension of solids, which does not involve the knowledge of n, the 
number of molecules per unit volume, and which would not depend on any imper- 


fection in structure. 

This I did in the following way (Phil. Mag. 1 , 1258(1926); //W. 4 , 792 (1927)). 
I prepared pastes by mixing certain pigments such as lampblack, with inoxidiz- 
able oils. I determined the surface tension of these pastes of various concentrations 
from the breaking stress of their films. With increased concentrations of the pigment , 
the surface tensions of the pastes increase enormously, and may reach such values 

as 1000 dynes per cm. 

I take advantage of the fact that these pastes wet tlie soluls when their surlace 
tension is small. If one takes pastes with greater surtace tension, a jioint inav be 
reached where the paste ceases to adhere to the solid. At this stage the Mirt<ice 

tension of the paste is equal to that ol the solid. 

This method was checked by a number of experiments with l->odies having a 
low melting point, whose surface tension could lie determined In the capillary 
method in the liquid state. Knowing the temperature eoelheimt one could see that 
the method described gives correct results. 'I hus, 1 tound lor llie Mutate tt nsion ot 

rock-salt the figure 315 dynes per cm. 

by substituting this figure into the formula 

P ^ y.fi . 


This formula was deduced in .inDther pul>lic.iti<in. -re 7 < I" 
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I calculate P, assuming 

H = 5/M=2-i5/r64x 58-5 x I0-“^ 

where 3 - 2- 1 5 is the density of rock-salt, and M its molecular weight. I thus obtain : 

P=88*5 kg./mm?, 

which according to this theory is the highest possible value. The experimental figures, 
except those obtained by Joffe for rock-salt in hot water, are much lower as a rule. 

I attribute this to the cementing effect of water. 

However, the experimental data are very divergent in the hands of different 

authors. The figures of Smekal and his school do not agree at all with those of 

Joffe and others, so it is ver)' difficult to draw any definite conclusions at all from the 

breaking stress experiments. 

Taking my own results, there is a considerable difference between the calculated 
value for the surface tension of rock-salt from purely electrical data, viz. 3500 
dynes per cm. and the figure obtained experimentally— 315 dynes per cm., of which 
I am quite sure. The discrepancy betvveen them may mean that weakening of the 
system is due to the fact that 1 1 molecules or so combine in some way to a grouping, 
which in some experiments may behave as a separate unit. If this is so, the normal 

value for the breaking stress would be about 39 kg./mm? 

This is one possibility I can think of in favour of the theory of a secondary 

Structure. 

Another theory can be deduced from the laws of equilibrium between different 

phases of the same substance, i.e. liquid, vapour and solid. 

Willard Gibbs found that two liquid phases in equilibrium (i.e. two superposed 
partially miscible liquids) have the same vapour pressure. This can be also proved 

experimentally. 

Let us call p the vapour pressure. Then 

Pi=p 2 

where is the vapour pressure of one layer and p^ that of the other, may be 

described as one of the conditions of equilibrium. 

I found experimentally in 1907 that in a state of equilibrium the following law 

can be stated to be true : 

ai2=ai-a2 (2)’ 

where 7.12 is the interfacial tension, ai and ag the surface tensions of two saturated 
layers against their common vapour. I generally call it a “law of difference. 

1 can also deduce it theoretically. This can be done subject to the condition 

= ( 3 )» 

where is the number of molecules in the one layer and in the other. 

This relation can be stated to be the third condition of equilibrium. 

These conditions (i), (2) and {3) are so correlated that if one of them can be 
proved experimentally, it automatically involves the others. 

The fact that the experimental evidence indicates a full agreement between them, 
appears to be a proof that the ideal gas laws hold true in such cases. From the fact 



Deviations from the ideal lattice hq 

that the molecular concentration is the same, both layers must have the same 
vapour pressure according to Raoult’s law. Both layers also have the same freezing 
point, separating the same ice, and they boil at the same temperature. In other words 
they are identical in all those properties which depend upon the number of mole- 
cules and not their nature. 

In an extensive paper {he. cit.) I gave the whole theory, where the above con- 
ditions were shown to hold true also for other interfaces. 

Thus, I show that liquid and vapour in equilibrium contain an equal number of 
molecules per unit volume. 

At the melting point, when the solid, liquid and vapour are in equilibrium with 
one another, the same theory must apply. 

Thus, the degree of association of the solid at the melting point must be repre- 
sented by the ratio 

.v = S,, S,., 


where .v is the factor of association, 8, density of the solid and 5^, that of vapour. 

The molecular weight will be found by multiplying the molecular weight of the 
gaseous phase by .v. 

The theory set out points to the existence of a secondary' structure in one 
sense. In the mobile equilibrium between the phases, the particles of the solid must 
detach themselves in groupings of a considerable degree of complexity. Such units 
may comprise hundreds of thousands of gaseous molecules, according to the 
evidence in existence. However, if this character manifests itself in kinetic pro- 
perties, it does not necessarily mean that it will be revealed by all other properties. 


Dr J. D. Bern.\l, I should like to draw attention to an aspect of the crystalline 
state that is not usually considered, namely the fact that at room temperatures most 
crystals which have been studied, e.g. metals, salts, etc., are not in internal thermo- 
dynamic equilibrium. 

I have been led to this point of view by considering the relations between liquids, 
glasses and crystals. A liquid and its glass, in case it forms one, have at any moment 
the same molecular structure, but a glass, troin the very tact that it cait be strained 
and can have different properties according to the heat treatment it receises, is not 
in internal thermodynamic equilibriinn. A super-cooled litpiid sc is lu) tlitlerent 
from a true liquid. 'Fhe fact that a crystalline array may ha\e lower free energy at 
the temperature concerned does not remove the internal stability ol the liquid, anti 
there is no discontinuitv in its properties at the melting point. There is. on the 
contrary, a definite change in properties over a range of temperature well below tins. 
Some properties such as viscosity change by enormous factors; other., such as 
density, hardly change at all. Now there is no reason to suiq)o>e tliat just because in 
a crystal the arrangement of atoms is regular, similar phenomena \m11 not take place 
at a temperature below the melting iioint. .\ normal crvstalline solid may be 
crystalline in structure but thermodynamicalK vilreou., aide to c\i-'i in state. ol 
different free energy at the same temperature. I he ch ine- need not be abrupt, m 
fact it may be less so than in glasses, but it has alreads bt'cn oioem/ed in tin 
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existence of the recrystallization temperature range above which permanent strain 
is impossible. 

The elementary mechanical theory of crystals strictly only applies when they are 
in thermodynamical equilibrium, and for processes the time scale of which is com- 
parable with the rate of reaching equilibrium. Incidentally, no theory of crystalline 
plasticity can be really satisfactory that does not introduce explicitly the idea of a 
characteristic time. 

The high plasticity of crystals above the temperature of recrystallization suggests 
strongly that they have no true rigidity. If we neglect surface forces, a glide along a 
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crystal plane leaves the internal energy unaltered, and requires, therefore, no work 
but only an activation energy. Now, just as in the corresponding case of electrical 
conductivity, we must imagine external forces merely to superpose their effect on the 
spontaneous gliding that takes place without external forces. We have in any case to 
assume this gliding to account for true crystalline diffusion (apart from diffusion 
along cracks). It is usually assumed without much thought that in diffusion, atoms 
change their places, neighbouring atoms simply moving out to let them pass, and 
then closing in again, as in the upper part of the figure. The activation energy of 
such a process is much too great to occur in a crystalline solid. The amount of 
disorganization required is only compatible with the liquid state. 

It is much more probable that diffusion takes place by repeated spontaneous 
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gliding along different planes, as shown in the lower part of the figure. Such 
spontaneous gliding gradually diminishes with temperature, as does the diffusion, 
until below a certain temperature both are imperceptible. The forced gliding that 
occurs at lower temperature when the crystal is internally “glassy** must be of a 
different nature. I think that for this Prof. G. I. Taylor’s mechanism, or some 
variant of it, is the most plausible. As it stands, however, it contains a paradox. The 
fewer the dislocations the weaker the crystal, but a crystal with no dislocations would 
be infinitely strong. However that may be, the dislocations probably exist at high 
temperatures as fugitive singularities which are “frozen** in at low temperatures, 
more or less appearing according to the rate of annealing. Once there, they cannot 
disappear and can only be made to move by external strain. 


Dr J. Brentano. The fact that the mosaic structure is not a constitutional 
property of rock-salt, which results from Prof. Ewald’s measurements on large 
crystals, is also found for smaller crj'stals obtained by distillation. I prepared 
crystals of about cm. side by the slow distillation of chemically pure sodium 
chloride in a vacuum and found that the intensities of their X-ray reflections corre- 
sponded within 10 per cent with the intensities expected from perfect crystals. 
Mechanical grinding increased the intensities of reflection and brought the crystals 
into an intermediate state between perfect crystals and mosaics. 1 he comparison of 
the intensities after grinding, with those from powders of chemically precipitated 
sodium chloride, sufficiently fine to give no appreciable extinction, showed how'- 
ever that the process of mechanical grinding is inadequate to break up completely 
the regular lattice of the crvstals originally obtained by distillation. 


Dr W. G. Burgers. The following considerations (compare A. E. van Arkel and 
W. G. Burgers, Polytechi. WeekblaJ, 28 , 547 (> 934 ))> although not applying directly 
to the lattice-deviations considered in Prof. Smekal s paper, may perhaps be of 
interest in connexion with the question whether there exists any correlation between 
a definite structure-sensitive property and the “character” of the “lattice-irregu- 
larities” by which it can be inHuenced. For metals and alloys this seems to be true 
at least to some extent, as can be deduced trom a study ()f the sharpness anc 
intensity of their Debye-Scherrer interference lines. So, for example, the well- 
known fact that the electric resistance ol an alloy. gi\ing sharp Debse Sc lerrer 
lines, is in general much higher than that of the pure components, shows that this 
property is influenced by “lattice-irregularities” of the order of the atomic 
distances, thus being of extremely small ‘'period.” On the other hand, the stresses 
required for an increase in coercive force, probably require regions ot hoino- 
geneity ” of the order of magnitude of 0-5 /r, as seems to follow trom the tact (see lor 
example W. A. Wood, Phil. .f/«g. 13 , 355 (1932)) t'l*" broadening ot 

the Debye-Scherrer lines is often observed. Hardening, again, may perhaps re 
connected w-ith irregularities ot smaller period. In tact, strongh co c wor ec 
aluminium, although exhibiting a considerable hardening, show.s no apprecia i e 
broadening of the Debye-Scherrer lines (see V. Dehlinger, Z. f. Knst. b , >15 
(1927)), w'hereas cold-worked tantalum, while exliibiting a pionomucc >roac tiling 
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of these lines, shows neither marked hardening effects, nor a pronounced increase in 
electrical resistance (W. G. Burgers and J. C. M, Basart, Z.f. anorg. Chem, 216 , 223 
(1934)). Similar conclusions can be drawn from papers by G. Kurdjumow and 
G. Sachs on the hardening of carbon-steel {Z.f. Phys. 64 , 325 (193°)) J- 

Hengstenberg and G. Wassermann {Z.f. Metallk. 23 , 114 (1931)) on age-hardening 
of duralumin. Especially during ageing of definite alloys it is well known (for ex- 
ample W. Kdster, Stahl u. Eisen, 53 , 849 (1933)) that the various physical properties 
considered above often do not vary simultaneously, which fact again points to the 
possibility that they are influenced by lattice-irregularities of different “periods.” 

M. F. Canac. The so-called plane surface of a solid consists in reality of an 
assemblage of elementary crystal faces each with an area of several square microns, 
forming polyhedral “holes” or “humps.” The light scattered from the surface is 
due to reflection on these minute faces. The distribution in space depends on the 
number and the size of those faces which are in a position to return the light in a 
given direction. If the corresponding relations are determined, simple photometric 
measurements suffice to give the “mean topography” of the solid. 

If the facets are all parallel, the surface is perfectly polished. If they are distri- 
buted equally in all directions, the holes or humps will on the average be spherical. 
We are thus led to study reflection from a plane covered with little reflecting spheres, 
or dotted with reflecting hemispherical holes. It is found by calculation and verified 
by experiment that such a plane scatters light with the same intensity in all directions, 
subject to the obvious condition that the rays are not stopped by the edges of the 
holes or by the surfaces of the spheres. The deviations from this law depend on the 
extent to which the individual holes deviate from the mean. 

If the surface is formed by hollows which are approximately hemispherical but 
which have on their surfaces other smaller holes or humps of the type mentioned 
above, then the light scattered in a given direction is of the form {A — Bi), where i is 
the angle of incidence of the beam. 

If the surface has deep cracks with walls which diffuse as in the previous cases, 

the scattering is of the form {A — B tan i). 

By illuminating surfaces at various angles, and measuring the distribution of 
scattered light, I have traced the scattering indicatrix for the different surfaces. The 
predictions are more nearly verified, the closer the holes approach to their mean. 

In this way I have been able to verify them in a precise manner on many speci- 
mens of alloys. In this way each of the three types of surface mentioned above has 
been found to exist, the type with deep cracks occurring particularly for inter- 
cr}^stalline corrosion. The method allows us to follow the process of corrosion, to 
discover the form of the resistant parts of the solid, and to form an idea of their 
structure. 

Finally, it may be mentioned that when the faces have a preferred direction 
(lamination), this also can be brought out clearly by the method. 

Dr J. A. Darbyshire. I was interested in the little spherulites which Prof. 
Andrade described as existing in the thin films of sputtered gold and silver. During 
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the course of some experiments on electron diffraction we were passing a beam of 
high speed electrons (30-36 kV,) in a normal direction through thin films of cad- 
mium oxide in which there were small crystals of metallic cadmium suspended in 
some way in the oxide film. We obtained well defined spot patterns which we tried to 
interpret as two-dimensional cross-grating effects in a manner similar to the inter- 
pretation usually given to the cross-grating patterns formed when a beam of 
electrons passes through very thin mica. We found many difficulties in such an 
explanation and it appears more likely that the effects are due to aggregates of little 
crystallites somewhat similar to the spherulites of Andrade but with a great many of 
the side chains stripped off, leaving a cone of chains about the direction of the beam 
as axis, that is, normal to the plane of the film. 


Prof. G. I. Finch. The study of surfaces by the method of electron diffraction 
has brought to light the fact that the normal crystal structure of a surface film can be 
profoundly modified by the nature of the substratum upon which the film has been 
formed. For example, G. P. 'Phomsont'^ found that the orientation of the crystals of 
a silver film was that of the silver substratum upon which they had been formed by 
electro-deposition. My collaborators and I have also observed a similar effect in the 
case of platinum films formed by cathodic sputtering on to a crystalline platinum 
substratum. An even more remarkable demonstration of how eagerly even a foreign 


atom may enter into the building up of an ordered crystal structure is afforded by 
the phenomenon of basal-plane pseudo-morphism as shown, for example, by 
aluminium (normally face-centred cubic, ^ = 4 05 A.) which when deposited in a 
thin layer on platinum (face-centred cubic, « = 3*9i A.) acquires a face-centred 
tetragonal structure, « = 3*91 A., f/w = 103 ; thus in this case the platinum substratum 
imposed its basal crystal dimensions on the aluminium without, however, affecting 
the normal spacing of the aluminium lattice in the direction ofthecaxis. Phenomena 
such as these testify clearly to the urge impelling newly arriving atoms to continue 
extending a structure rather than to start building a new one; and if the block 
structure in crystals is sub-microscopic then the underlying cause of such discon- 
tinuity must indeed be powerful. Prof. Lennard-Jones lias just suggested that 
lattice contraction due to electrostatic forces in small ionic crystals might produce 
the effect. Quite recently Dr Wilman and 1 <3) have redetermined by electron ditfrac- 
tion the lattice dimensions of zinc oxide using gold as a standard tor reterence. 
Whilst our value for da agrees excellently with W. L. Bragg’s tor zincite ■» , our « 

and c values are about i per cent higher than lus. Now. the ^ 

were exceedingly small, probably appreciahlv less than 100 A. m length; lurther 
the binding forces in zinc oxide crystal are probablv mamlv atomic and not 
electrostatic, and in such a case, according to I xnnard-Jones theory, the lattice 
dimensions should increase with decreasing cr>^tal ^ize. m^ -r 

theory appears to aflFord a reasonable explanation ot ttie liigh \ a s t>uiu ■)> us or 

the zinc oxide lattice constants. , . 

We are continuing our experiments witl. a view to cletvrnunmg the etleet, ,t any, 
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of cry stal size upon the lattice dimensions of ionic crystals, and the results so far to 
hand do seem to support Lennard-Jones’ theory\ 
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Prof. R. H. Fowler. I should like to comment on Dr Goetz’s very beautiful 
experiments on the effects of small amounts of impurities, with their critical upper 
limits. I do not think that the experiments should be assumed to throw any light on 
secondary’ or group structure, or to indicate that the foreign atoms congregate at low 
concentrations on to intercrystalline planes or faces, until they have been carefully 
examined in the light of the recent work of Dr H. Jones on the importance of the 
Brillouin zones in this connexion*. I am especially suspicious of Dr Goetz’s inter- 
pretation, because of his remark that metallic impurities of valency (F— i) and 
(r+ i) affect a metal of valency V in opposite directions. Dr Jones has already had 
marked success in explaining many of the properties of bismuth itself by applying 
just the ideas to which I want to call attention. Briefly his fundamental idea is that 
many properties of metallic alloys are largely determined by the adjustment of the 
number of valency electrons of the atoms in the unit cell of the lattice to the possible 
number of states inside the first (or first set of) Brillouin zone, when that zone or set 
of zones is separated from the next by a strong energy discontinuity. On this view, 
the foreign atoms replace the regular atoms at ordinary lattice points and the opposite 
behaviour of impurities of valency (1— i) and (h -f i) is at once understood. Dr 
Jones has given reasons why these changes of free electron number per cell should 
have some at least of the large effects observed. The critical concentration found by 
Goetz might well indicate, on this point of view, the complete filling or emptying of 
some zone. I am not, however, in a position to do more than call attention to this 
work and the need for correlating it with these experiments. 

Sir R. Hadfield. With regard to the two papers by Joffe, it would appear that 
the general conclusions arrived at prove that in embrittled materials the tensile 
strength is to some extent determined by surface imperfections (crevices). The author 
infers that these imperfections are spread throughout the material. It would be 
interesting to know whether Dr Joffe would apply this theoiy^ to the greater strength 
of thin steel or iron wires, as compared with thick ones. At the commencement of 
his paper “On the Mechanism of Brittle Rupture” he appears to be referring to 
steel wires. If so, his conclusions are important and we must look to small particles 
of carbide or possibly even what he calls inclusions to explain by their appearance on 
the surface of the wire the lower strength of thick wires as compared with thinner 
ones. At the same time, it would be difficult to get away from existing ideas that the 

* The structure of alloys in the y-phase, Proc. R. S. 144 , 225 (1934) and other papers in 
course of publication. 
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greater strength is due to the greater amount of work hardening produced in 
drawing. 

We have already a certain amount of evidence that defective surface reduces the 
tensile strength of brittle materials. To. get the highest tensile strength from a fully 
hardened steel it is necessary to give the surface a high polish. 'Fhat is really equiva- 
lent to removing surface irregularities and not quite the same thing as that to which 
the author is referring, except in so far as the process removes scratches. 

It may be of course that when we have done our best in this way, that is by 
polishing, we still do not get the true tenacity. In fact we know this to be the case. 
There may therefore be something in the author’s idea that the “outcropping” on 
the surface of small particles or whatever they may be, spread through the mass of 
the steel, also has an important effect on the strength. 

Attention was called to this question of the difficulty of getting the true tenacity 
of brittle materials both in the paper by Prof. W. J. de Haas and myself* and also in 
my paper on “Alloys of Iron and Manganese containing Low Carbon” read before 
the Iron and Steel Institute in 1927. 

The commencement of the paper by Joffe “On the Cause of the Low Value of 
Mechanical Strength” goes somewhat in the direction of trying to connect tensile 
strength with molecular cohesion, and to this extent is most welcome, especially in 
view of the plea put for\vard for attention by physicists to such questions in the 
conclusion to the paper by Prof. W. J. de Haas and myself referred to above. 

The detection of an elastic limit by X-ray methods is very interesting, as also the 
statement at the beginning of §3 which says “it the elastic limit increased by. . . 
lowering of temperature reaches the value of the practical tensile strength the 
material becomes brittle.” Are we to understand that this explains the general 
embrittlement of iron and most ferrous alloys as well as a material like quartz.^ If 
so, why does it not happen with nickel or with the alloys of iron containing fairly 
high percentages of this metal? 

Paragraph 9 of this paper “On the Cause of the Low \ alue of Mechanical 
Strength” is of great interest because here the author is discussing the question of 
what we call work hardening, or as he calls it increase of tensile strength with 
plastic deformation, d'he author explains that this is only a secoiular) effect, and 
says why; but it would be interesting to know how it can occur to such a rn.irked 
degree in manganese steel and even in nickel on the one hami, and onl\ to a com- 
paratively slight degree in iron. It will be noted also that the author mentions that 
amorphous, i.e. non-crystalline, bodies show none of this work hardening effect. 

With regard not onlv to the two papers by Joffe but also to that b\ Dr I:. ( )n)w an 
I should like to know what the authors consider occurs in the case of forged and 
water-quenched manganese steel in wliich mere is e\ceedtngl\ l(n\ clastic limit, iii 
fact as low as 8 to 10 tons per square inch and probably still lower. I lie ^^raln^ 

produced, whilst exceedinglv minute, are neverthrlc'^^ present. 

The theory put forward bv Dr Orowan connecting the reduced tensile Mreiigth 

of materials with that calculated from considerations of atomic coheMon is certainlv 

* Pfnl. Tnifis. Rnv. .s-- -A. 232 
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a useful contribution and adds force to the observations of Joffe in so far as it shows 
that the breakdown of cr>'Stalline materials can occur as the result of quite minute 

surface defects. 

Apparently, however, the theory' as described only applies to single crystals. In 
multigranular metals like iron and its alloys as we find them in practice, the break- 
down first occurs in ciy’stal grains in which the slip planes are favourably directed 
in relation to the stretching force. For breakdown to occur from a surface defect it 
would appear necessary therefore that the defect should occur inside one of these 

particular ciy’stals. 

In Dr Orowan’s paper, page 83, considerations seem to be based on Hooke’s 
law but this appears to have a very limited range of validity in single crystals, in 
which the elastic or proportional limit is very low indeed. 

Dr A. Joffe. The important contribution of Sir Robert Hadfield raises the 
problem of applying results and considerations drawn from the study of single 
crystals and glasses, to a multiciy^stalline metal. 

Now there is a fundamental distinction between brittle glass fibres on the one 
hand, and cold-worked and drawn metal wires on the other, these at room tempera- 
ture and the usual rates of loading being in a plastic state. The influence of the 
thickness is partly explained by the hard-worked layer of a metal wire. Nevertheless 
I should think that sharp inclusions are responsible to a considerable degree for the 
actual strength of a wire. 

Again, both steel and quartz become brittle at the crossing point of the curve for 
the yield point and that for the strength. (The X-ray method gives the value of the 
yield point and not of the elastic limit, which is very low for single crystals.) It 
seems that the yield point of nickel and nickel alloys does not increase, or only in- 
creases slowly, when the temperature decreases. Unlike the case of carbon steel, 
there may not be a crossing point at attainable temperatures. 

Finally, the marked difference between manganese steel and iron may be due to 
the phase changes taking place during the cold working of manganese. Austenite is 
often transformed into martensite with accompanying change of magnetic properties. 
Moreoyer, the low elastic limit of quenched manganese steel is less important for the 
rupture than the yield point, which seems to lie higher. 

Dr E. Orowan. i. lam yer\' glad that a remark of Sir Robert Hadfield gives 
me an opportunity to call attention to the fact that the plastic crack-propagation 
mechanism is also applicable to internal cracks. In my paper, I considered surface 
cracks only, because of their practical importance ; we know, indeed, from experience 
that rupture starts actually in most cases from a surface crack. It is, however, easy 
to see that an internal crack can be propagated in exactly the same way as a surface 
crack, if a set of slip-planes near its edge comes into action. At the same time, the 
stress at the opposite part of the edge increases, because of the widening of the 
crack ; thus a plastic propagation of an internal crack can also lead to a rupture by a 
notch-effect. 

2. Both the notch-effect mechanism of Griffith and the plastic mechanism of 
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crack-propagation, apply directly to a single crystal or to a single grain of a poly- 
crystalline body only. For the rupture of multigranular bodies, such as technical 
metals, a second criterion must also be fulfilled : namely, the crack, after having 
spread across an unfavourably directed or located grain, must penetrate into the 
adjacent grains. Because of the different lattice orientation of different grains, the 
passage of a crack beyond a grain boundary generally needs a stress which is con- 
siderably higher than that necessary for propagation within a single uniform grain. 
This is the cause of the high strength of multigranular bodies as compared with 
single crystals*. 

3. As to the very limited range of validity of Hooke’s law in single crystals, this 
is caused exclusively by intervening plasticity phenomena which are not essentially 
connected with the elastic strain; so their occurrence does not imply a failure of 
Hooke s law, just as the burning out of an incandescent lamp on reaching a certain 
voltage does not signify that the law of Stefan and Boltzmann becomes invalid 
beyond this critical temperature. Thus the use of Hooke’s law for calculating the 
order of magnitude of the theoretical strength, as suggested by Professor Polanyi, 
must be considered as correct. 

Dr B. Lockspeiser. I should like to ask Sir William Bragg whether the model 
put forward by him involves surfaces of discontinuity within the crystal, dividing 
parts of the crystal of different energy contents from each other. 

Sir W. Bragg. It would be a probable consequence of my suggestion that a 
mosaic crystal and an ideal crystal would have different energy contents. So far as 
I know, however, heat of dissolution has never been found to be a “sensitive 
property.” But the degree of sensitivity might be small, because the changes in 
position and orientation, which I have assumed tentatively, are small and the energy 
change which they involve might he small also, even though the forces were large. 
Thus the regions on two sides of a discontinuitv might have different energy con- 
tents if they differed in mosaic character. 


Dr E. Orowan. In his Opening Survey, Sir William Bragg pointed out that a 
difficult problem of the crack-propagation theory of tensile strengtli is given by the 
question, how from the action of accidental cracks a more or less sharply defined 
strength can result. That accidental cracks can produce a sharply defined strength at 
all, has been proved in the case of mica. 'The ordinary tensile strength of mica 
lamellae is determined bv cracks on its edge (see \i. Orowan, Z. f. /V/v.v. 82 , 235 
(1933)). Now lamellae with a ground edge show a tensile strength which can be 
reproduced within a few per cent {/oc. cit. p. 249 and figure 6) and so iielongs to the 
most sharply defined tensile strengths known. I hus the question, how accidental 
cracks can give a definite tensile strength, (d course, a tlillicuh ]^roblem, but no 
difficulty for the crack-propagation theory. 

The explanation of this problem gi\en by Prof. Jolle in his pajier ‘ On the 
Mechanism of Brittle Rupture” is strongly supported by the fact that tiie strength 
of mica lamellae with a ground edge is much more sharply dclined than that ot 
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lamellae which have been cut with scissors. Since the number of cracks is much 
greater in the first case, a better reproducibility of the strength must be expected 

according to the views of Prof. Joffe. 

In a footnote at the end of his paper*, Prof. Smekal asserts that the temperature- 
dependence of plasticity, as derived by myself from the Becker formula, differs “ only 
in externals ” from a form given previously by him. Contrary to this, iny conception 
of plasticity is radically different from that represented by Prof. Smekal; moreover, 
in my paper (Z./. Phys. 89 (i934)> footnote on p. 657) 1 showed that his funda- 
mental assumptions are inadmissible. 


Prof. A. Smek.\l. Contrary to Dr Orowan, I must insist on my s'atement, that 
his interpretation of the temperature-dependence of plasticity d^ rs only m. 
externals from mine. The fundamental fact, that plasticity processes start or proceed 
always on crystal flaws with local stress maxima of the order of magnitude of ideal 
lattice cohesion-which we proved by rock-salt experiments-is adopted by 
Orowan without alteration. Again, Orowan uses the assumption that the thermal 
energy demanded for this process is greatly reduced by the local su -■ elastic 
energy of the stress concentrations on the flaws. Indeed, only these two facts are 
required for a qualitative understanding of the temperature-dependence of plasticity. 
In my papers it is stated that the effective elastic energy cc icentration belongs 
primarily to single particles of crystal ffaws. On the contrary Omwan desires to use 
the Becker formula, which concerns only homogeneous strain v ithin finite volumes 
of flawless, ideal lattices ; Orowan assumes that homogeneous strain within finite 
volumes of lattice may be realized also at the actual crystal flaws, so that the elastic 
energy supply belongs according to him to a multitude of particles. Obviously this 
assumption is in contradiction to stress concentration on the flaws, necessarily 
connected with inhomogeneous stress distributions around the flaws, giving the 
maximum stresses on single particles. The claim of Orowan, that he has shown the 
inadmissibility of my fundamental assumptions on a diffusion mechanism of 
plasticity, seems to be just as erroneous, as his criticism dii egards all decisive 

arguments. 


Sir Robert Robertso.n. 1 might amplify the remarks made by Sir William 
Bragg and by Prof. Andrade on the subject of the two types of diamond that have 

been^’discovered by my colleagues and myself. 

The failure to give an absorption band at in the infra-red in the case of one 

particular diamond, and its much greater transparency in the ultra-violet when 
compared with a large number of diamonds all of which gave a large absorption 
band at 8u, led to an investigation of the physical properties of the two types, an 
account of which will be found in Phil. Tram. Roy. Soc. A, 232 , pp. 463 to 535. 
(See also Nature, 134 , 485 (1934)-) • . . , , 

Besides being more absorptive, the ordinary- type is more anisotropic and has 
very much less photoelectric conductivity than the less usual type. Both types have 
in common the same Raman difference, dielectric constant and refractive index. 


• P. io8. 
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A large electric current is produced with the less usual type, by the imposition 
of short length ultra-violet light (max. A 2300). A diamond thus activated responded 
to green or red light (max. A 5850), even after it had been kept for a considerable 
time in the dark; but if in the meantime light of wave-length of A2400 to A5000 

had been imposed on the diamond previously activated by light of A 2300, no 
response was obtained by the red light. 

It was observed that this photo-electric effect occurred in diamonds which 

appeared to be laminated. Indeed, the search for others, five now having been 

obtained, was conducted by looking for such diamonds as were obviously finely 

stepped. A coarse stepping is common among natural diamonds, but this was of no 
importance. 

As has been shown on the screen by Prof. Andrade, the photo-conductive 
diamonds are those which he has shown by his technique to be more striated than 
the ordinary sort. 

In the paper referred to, the comparatively easy production of photo-electric 
currents is considered to be connected with the mosaic structure of these stepped 
or laminated crystals, the atoms at the boundaries of the irregularities being thought 
to lose electrons more readily than those in the uninterrupted lattices. It was 
therefore of great interest to see the model produced by Sir William Bragg to 
account for these irregularities in the major structure of diamond. 

Prof. A. Smekal. I should like to give some additions and corrections to the 
papers of JofFe. There are or were many differences of interpretation and also 
differences concerning experimental facts. We have repeated a number of the 
experiments of the Joffe school and have found somewhat different results. For 
simplification, it will be sufficient to deal on this point only with the strength of 
rock-salt crystals. Contrary to Jofft.% rock-salt has no standard strength, neither 
in air^'^ nor in water^^^ nor in vacuum^^). The strength is not independent of 
temperaturet'*^ nor of velocity of deformation(s). Lastly, rock-salt is not brittle at 
ordinary temperature, but possesses a characteristic plasticity^^^ On other points 
we are in agreement with Joffe, namely on facts which were found and published in 
my laboratory before the Russian school, for instance on the increase of faults by 
plastic deformation^7)^ on the photoelectric determinati<>n of limit of elasticity**^' 
and on the existence of a kind of dissociation along the glitling planes. 

Concerning his experiments for the realization of the theoretical lattice strength, 
Joffe now agrees that his results are plasticity-effects. His original aim of realising 
the lattice strength on a brittle state of a crystal therefore could not be established. 

I hope it is now generally accepted from these exiu-riments that tlie rise of the 
strength to the order of magnitude of the lattice strength results from the destruc- 
tion of the monocrystalline state bv plasticity. 

Special reference is necessary to tlie statements of joffe on rock-salt crystals 
where the surface was dissolved by water, in his pa[KT Jotte speaks only of solution 
during loading experiments and claims that lie has <.lis['roved my water-penetration 
explanation of the watering plasticitv, bv experiments on partially protectetl crystals 

psen 
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given by Classen-Nekludowa. But the lack of penetrated water on the protected 
side must prevent the rise of complete gliding planes, necessary for t e or mary 
watenng-plasticity of crystals ; the observed fact, that the strength remains un- 
changed in this case, is then by no means inconsistent with the water penetration 
theor)'. Moreover, the presence of water in the interior of dissolved crystals was 
demonstrated spectroscopically by Barnes. A saturated solution of salt gives neither 
solution- nor strength-effects in solution. On the penetration theory, contrary to 
the opinion of Joffe, only very slow penetration, or no penetration at all, of water 

molecules into the rock-salt is expected in this case. 

The statement of Joffe that our own experiments had changed my opinion on 

mv theoiv is incorrect. We have recently made dissolving experiments without 
mechanical deformation of crystals and have measured the effect of watering on the 
strength, after diying the surface with concentrated alcohol"’ . Wendenburg, m my 
Institute, used different solvents and found different after-effects, clearly connected 
with the different dipole-moments of the solvent molecules<"=). Roeber, also 
working in my Institute, has found that the after-effect increases systematically \vith 
the time of solution, and exhibits very interesting changes with the time whic 
elapses between drying and carrying out the mechanical experiment. The strength 
of cn stals decreases first to a minimum situated above the strength of undissolved 
crystals, then it rises to values much higher than the initial^). All these observed 
facts are consistent only with a penetration theory, which seems m this way directly 

established. , - t ^ 

Another point of difference is the statement of Joffe that the practical weakness 

of crystals cannot be influenced by internal faults. This statement can on y e 
accepted in a very 

cnstals with various foreign atoms. If we suppress the plasticity of rock-salt by 
means of very low temperature, the strength is generally diminished by increase of 

‘'''Tn'sfairwith as many faults as rock-salt exhibit fine-stepped cleavage planes 
by interferometric observation, and so make it directly visible that the strengt s 
influenced bv a great number of internal flaws'”. Onl^y m the limiting case of 
crystals with few faults is the influence of flaws situated on the surface naturally 
predominant, as Joffe has indicated. Experiments of the late Lord Rayleigh and 
more recently bv Bond and by Siegbahn on cleavage strips f have given on y 
a few steps and prove then the presence of only a few internal flaws for these crystals. 
In accordance with this fact, the strength of mica found by Orowan is only ten times 

less than the expected value of the theoretical lattice strength . 

There is no doubt that the splendid experiments of Griffith on the strength ot 
glass and his theorv of the breaking stress have been the most striking suggestions 
for all later experiments on the strength of glass and crystals. I would like to express 
mv agreement with Griffith that his treatment of a single flaw of elliptic cross- 
section was and is only the first step to a general theory of stress-concentration in 
bodies with anv flaws and its relation to breaking stress problems. 'I'his generalwa- 
tion seems to be necessary because all quantitative applications of the Griffith 
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theory, excepting only his original experiments, are not in full accordance with 
experimental facts. I should like to indicate here only the breaking of glass rods. 
Our experiments gave, contrary to JofTe, breaking surfaces, which often started 
from internal flaws^*‘^\ and breaking stresses, depending for certain glasses on 
temperature^*^\ The most striking point is this. The breaking surface of glasses 
consists of a smooth mirror-like part and another uneven part. For rods of the 
same cross-section, and under the same conditions of experiment, the mirror-like 
part is found of very different magnitude^*^\ On the Griffith theory the breaking 
surface should always be mirror-like over the full cross-section. We see, also, that 
the breaking process in glass never depends on a solitary surface flaw. 

What I said on these facts refers also to various statements in Orowan’s paper. 
In connexion with my name, this paper deals with'matters which were not given by 
me and for which I am not responsible. In particular, I have never proposed a 
block theory of strength, of the type indicated by Orowan^'’\ which is completely 
contradictory to our own experiments. To establish this it should be sufficient to 
compare Oro\van’s paper with mine. 
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Dr A. JOFFE. I should like to avoid a discussion of IVof. Sinckal’s declarations 
of priority and of the historical development of tlie investigations on rock-salt. I do 
not deny that some of my ideas suggested by our investigations ot rock-salt m the 
years 1919 to 1923 were changed by new experimental tacts found both in m\ 

laboratory and by the school ot Prot. Smekal. ■ , ■ 

As far as I can see, the objections of Prof. Smekal can be summarized in the 

following four statements : 

1. The strength of rock-salt depends on teiiuierature. 

2. Rock-salt is already plastic at room temperature. 

3. The high strength of wet rock-salt is onl\ due to plastic dclorniation. 
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4. Wet rock-salt becomes plastic by penetration of water and not by a change 
of the surface. 

1. It may be that the approximate constancy of the brittle strength of rock-salt 

(within ± 10 per cent) is not present in samples of different origin. The strength 
curv e may be somewhat concave in those cases. All that is essential for my presenta- 
tion ot a brittle and plastic state is a crossing of this curve with the steep curve 
representing the dependence of the yield limit on temperature. In no case is it 
permissible to combine in one curve the brittle rupture at low temperatures with 
the plastic rupture at high temperatures. Similarly, Smekal s curve representing the 
strength at a gwen velocity of deformation between liquid air and + 50*^ ^ 

curve of “ Dauerfestigkeit,” is meaningless from a physical point of view. These 
are different systems of representing measurements, which may become useful 
when some new physical idea has appeared. If Prof. Smekal could realize at 
higher temperatures the value for brittle rupture as the lower limit of the strength 
at increasing velocity of deformation he would find my results with more or less 

accuracy. ^ 

2. It is true that the elastic limit of annealed rock-salt is as low as 10 gr./mm., 
while rupture occurs at 300—400 gr./mm? It is also true that by exceedingly slow 
deformation during 100 hours I was able to bend a rock-salt crystal under room 
temperature. Nevertheless the rupture of rock-salt at room temperature at ordinary 
conditions can be regarded as a brittle one, as it appears before the yield point 
shown for instance by X-ray asterism and by the flow of material is reached. Both 
pure brittle rupture and plastic distortion are limiting cases (important, as I tried 
to show, for the understanding of the physical phenomena leading to a breakdown). 
Though there is a continuous change from one to another, at a definite stage of this 
change we meet a new situation, where the essential features become different. 
Changes produced by gliding below the yield point do not alter the obviously 

brittle character of the rupture of dry and cold rock-salt. 

3. The high strength of rock-salt measured in water is observed in an already 

plastically deformed ciystal. The essential point is however the high magnitude of 
the cohesion forces, leading to a high strength when secondary phenomena are 
avoided. This is shown to be true whether we deal with single crystals like quartz 
and mica, with multicrystalline bodies like rock-salt and steel, or with an amorphous 
material like glass or amorphous silica. In all cases we do actually increase the 
strength by suitable treatment of the surface and the theoretical strength is the 
more nearly reached the more completely all secondary influences are removed. 

4. I am soriy' if I have misunderstood one of the various statements made by 
Prof. Smekal*: “Whether the high plasticity of wet rock-salt can find sufficient 
explanation by these results (penetration of water), I regard as uncertain.” Prof. 
Smekal then suggests two other explanations which agree with my statements in the 
only essential point, namely, that water eliminating surface disturbances leads to a 
markedly higher tensile strength. As the yield points of dry and wet rock-salt are 
equal, it seems that some increase of strength by removal of surface imperfections 

* Phy . Rev . 43 , 306 (1933). 
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must be assumed in order to understand how the plastic flow of wet rock-salt starts. 
Both the absence of any influence of saturated salt solution and the experiments of 
Classen-Nekludova and Davidenkov show that surface conditions are important 
for this first step in the plasticity of rock-salt cr>'stals in water. From hundreds of 
samples taken from a water bath, some lost their plasticity after a few seconds and 
some after many days. How could water disappear from all the imperfections 
inside the crystal during a second? 

I did not understand the explanation of the experiments of Classen-Nekludova 
given by Prof. Smekal. Why did not water penetrate from inside to the protected 
strip after solution of the greater part of the crx'Stal? I'he experiment shows that a 
small dry spot on the surface is more important than the penetration of water into 
the crystal. 

New experiments on this subject mentioned by Prof. Smekal should be very 
interesting and should help us to understand the influence of water on rock-salt, 
but I do not think they will alter the fact that a change of the surface conditions is 
essential for the rupture, just as it is in the case of glass, steel and quartz. 

Dr E. Orow.^n. i. Prof. Smekal asserts that, in connexion with his name, mv 
paper deals with matters which were not given by him; he writes: “ in particular, 
I have never proposed a block theory on the strength ot crystals, which is completely 

contradictory to our own experiments.” 

I must, however, maintain the statement that Prof. Smekal suggested the block- 
structure hypothesis, reterring expressly to the problems ot mechanical strength, 
especially to the discrepanev between theoretical and technical strength. In his 
paper referred to in my contribution, he wrote*: ' Hestehen die (jitter der wirk- 
lichen Kry'stalle hingegen aus sehr zahlreichcn submikroskopischen, im Sinne der 
Bornschen Theorie ideal-regelmassigen, nahezu gleich orientierten ‘ Chtterbldcken,’ 
welche das Zustandekommen von Stdrungszonen und Porenwegen ermdglichen, 
so gelingt es, die aufgeziihlten Schwierigkeiten [amongst other things, the dis- 
crepancy between theoretical and technical strength Orowan] zu uberwinden, 
ohne damit auf die bisherigen Frtolge der Hornsehen ( jittertheorie verzicluen zu 
miissen. — Bezuglich der Festigkeitsei'jenseiialten der Krystalle ergibt sich \or 
allem die bereits frliher angegebene .\utklarung drr niedrigen teehnischen kestig- 

kcitcn ^ ' ' 

This paper of Prof. Smekal was, as a matter of fact, the starting-point ot a bloek 
structure explanation of meelitmieal strenizth as deserilted in my paper, which 
became very widely spread in the stibsetitietit years, especially ainonitst mineral- 
ogists and metallurgists, without beint; tiisavowed b\ 1 rot. Smekal hinistll until 
now. The experiments he refers to were performetl later ,u,d published \Mthotit 
pointing out that they are in contrast with the common vieus on block structure 

hypothesis. i i r 

2 . Recently I showedf that ilic pcuctraiion lr,po.hc-^is (,t tlu- jotic c-llcct, as 

advocated by Prof. Smekal tn his contribution m tlm disi tission. cannot be inain- 
• Wien. A,,., p. igadv.jl. ' ^ ' /V., 86, a,o , mto- 
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tained. A simple calculation, using an experimentally determined lower limit for 
the speed of solution of rock-salt in water, gives an upper limit for the depth at 
which water becomes practically saturated when penetrating into invisible crevices 
of such a crystal. This upper limit is i/iomm. if a saturation amounting to 
999/1000 is required. Since a surface layer of 0*4 to 0*5 mm. at least has to be 
dissolved before an appreciable increase of strength appears, the interior of a 
crystal showing the increased strength has never been in contact with solution other 
than saturated. Now it is well known that immersion in a saturated solution does 
not produce any trace of a Joffe effect; thus this effect cannot be caused by a 
penetration of the solvent into the interior of the crystal but by a surface action 


only*. 

This inference is supported by the following observation of Wendenburg 
{he. cit.)\ If a sufficiently thick surface layer of an unloaded rock-salt crystal is 
dissolved, then after dr>dng the cry'stal shows a Joffe effect of the usual order of 
magnitude. Its strength diminishes somewhat in course of time; yet it reaches 
asymptotically a final value which is still of the same order of magnitude. Obviously 
the only explanation of the Joffe effect which is in accord with this behaviour is that 
given by Joffe himself (removal of surface cracks by solution as the cause of the 
effect). That the strength obtained and the final strength vary slightly with the 
nature of the solvent is considered by Wendenburg and by Prof. Smekal as a 
support to the penetration hypothesis. This standpoint, however, seems to be 
forced; it is, indeed, a very general feature of etching, which plays a fundamental 
role in metallography, that the coarseness of an etched surface depends upon the 
nature of the solvent. 

The fact that there is, besides, a connexion between the increase of the strength 
and the dielectric constant of the solvent, is also considered by Prof. Smekal as a 
support to his hypothesis. This influence is, however, most probably due to the fact 
that the strength of a body is lowered if a fluid penetrates into its cracks, in conse- 
quence of the decrease of its surface energy by adsorptionf . Phis means that the 
action of the penetrating fluid is inverse to what is supposed by the penetration 

hypothesis. 


Mrs C. F. Tipper (Miss Elam). I should like to give two examples of structures 
in crvstals which seem to support Goetz’s experimental results and are related to 
yesterday’s discussions. 

1. The first illustrates the laminated structure produced on a polished surface 
of copper when a fully annealed specimen is heated in vacuo at 950“ C. A similar 
structure was described by Rosenhain in silver some years ago. The laminations 
are definitely related to the ciystal structure and very^ much resemble slip-bands. 
On the other hand they are frequently cur\'ed, even in fully annealed material. 

2. The second refers to the etch figures on calcite. The size of the etch figures 

* The objection made by Wendenburg (Z.f. P/iys. 88, yzj (1934)) emphasizing that a saturated 
solution may not penetrate at all into the cr>stal is obviously unsafe; with his assumption, the 
penetration hypothesis would a fortiori be i!lusor\-. 

t Cf. E. Orowan, Z.f. Phys. 86, 206 (i 933 )- 
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produced by dilute hydrochloric acid on the surface of a cleavage rhomb differs from 
crystal to crystal. When such a rhomb is twinned mechanically in the manner 
described by Baumhauer, the size of the etch figures is much smaller on the surface 
of the twinned portion than it is on the original surface. This indicates a breaking- 
up of the crj’stal structure, although crystallographers state that the twinning is 
perfect. 


Dr A. E. H. Tutton. As one of the “old gang,” to which Lord Rutherford 
referred at the morning session, I am ver\’ glad to learn that Prof. Ewald has 
succeeded in obtaining the perfect crystal of sodium chloride, and that he has found 
it to afford the data which he has expected, and which fulfilled the predictions of 
Prof. Darwin for the perfect crystal. 

We have heard much to-dav concerning “ Krystallhaufehler,” and also much of 
late concerning the “ideally imperfect” crystal, the “mosaic crystal,” which has 
answered so admirably the purposes of the X-ray rotation method of crystal 
analysis. I myself have been combating for many years the “mosaic crystal, ’ so 
unsuitable for crystal measurement and crystal optics. For of the 36 years which 
occupied me in the work on the rhombic sulphates and selenates ot the alkalies, and 
on the monoclinic double sulphates and selenates containing 6H2O, quite half the 
time was taken up in preparing perfect crystals, aflording ciystal angles true to 
within one minute of arc, tree from mosaic or any other imperfections, by using 
only material of perfect chemical purity, and eliminating all sources of disturbance, 
thermal or otherwise. Often as many as a hundred crops of any one of tlie 91 salts 
were prepared, and only one or two found adequately perfect tor my purpose and 
used in the investigation. Hence, it is possible for me to have a very special apprecia- 
tion of Prof. Ewald’s success, and a great satisfaction that it has afforded such 

excellent results in confirmation of theory. 





PLASTICITY AND STRAIN HARDENING 

IN CRYSTALS 




139 


548:539:546-<>2i;548-53 

SHEAR HARDENING AND RECRYSTALLIZATION 

OF ALUMINIUM SINGLE CRYSTALS 

WITH AN APPENDIX ON “TRANSFORMATION HARDENING” 
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Natuurkundig Laboratorium der N. V. Philips’ Gloeilampenfabrieken, 

Eindhoven, Holland 


ABSTRACT. The paper is a review of an extensive series of investigations on the 

deformation and recrystallization ot aluminium crystals. 

It is pointed out that when a crystal undergoes plastic deformation it is hardened, the 
shear resistance increasing considerably. All recent theories on the origin of this eftect 
agree that the macroscopic glide process consists essentially of the combined eftect ot a 
large number of “local glide steps,” which are related to the deviations from the ideal 

lattice structure 

A homogeneous shear distortion can be produced in a circular disc cut out of an 
aluminium single crt^stal plate if it is compressed with certain precautions. Nevertheless, 
Laue photographs show the presence of ‘'curved” lattice regions, the curvature having a 
definite cr^^stallographic direction. 'This implies that slip has occurred o\er limitK regions 

of the slip planes. , , 

Again, if gliding occurs along more than one set of planes, then local curvatures occur 

The picture thus formed of the inner structure of a “ homogeneously deformed single 
crystal can be, at least partiallv, confirmed by studying the recrystalhzation process In 
fact, the nuclei for the small ervstaliites formed by recrystalhzation occur at die local 
curvatures of the glide planes, so that the crystallites occupy a dehnite preferred onentati > 
determined by the glide processes which occurred during the de ormation. . ore ’ 
two crystals have undergone the same shear hardening, one by shear a ong a sing e ^ c 
plane, and the other by shear along more than one, then there is a t it ercnce in ^ ‘ 

lizing power; there are less nuclei in the case where in'*te glue panes ia\e 

♦ 

experiment which illustrates this, aluminium siiiL-Ie 
10 per cent parallel to the [loo] and others pandlel to [mo] direction. . ‘ 

that their hardening was practically the same, but on recr\slalh/ation,t wre ^ - 

no crj'Stals formed in the first case, whereas, in the other case, t ie civs a s ‘c ^ 

grained. This agrees with the tact that in the (irst case the ‘ 

than in the other, implying that the total shear Ise- ll.eu been divided .oe, mou gl.de 

The appendix deals with translormal ion tiardening, wliich occni^ oii ti an i ' • 

phase of fsoHd metal into another. Here the new lattice is t.umed *7''; ' 
homogeneous deformation consisliiiL’ ui o"v '’i; ly md' ^ "'.'''''’'.‘.j' ,.,'„w„|..rid. m 


phase of a solid metal into a 
homogeneous deformation co 
dilatations or contractions. It 
that, in this case, the transfoi 
unlike a strained test-piece, v 


JUS ueiorinaiioii - • i,. m 

or contractions. It (.iilfers markedly trom lie- pr-n . i m , luinler 

is case, the transformation |mov\-s> m < .m e il.e sp-. t i'i.-n 
rained test-piece, which becomes annealed . n n i r> -ta.U; ion . 
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I N the present paper a review is given of the results obtained during the years 1928— 
1933 in a series of investigations on the deformation and recrystallization of alumi- 
nium crystals, the details of which have been published elsewhere. 

(i) It is a well-known fact that the “strength” of an undeformed crystal is of 
a lower order of magnitude than would be anticipated from theoretical considera- 
tions regarding the forces which hold the atoms or ions in crystalline lattices together. 
Such considerations have been put forward especially by Joffe, Smekal and Zwicky* 
for ionic crystals like rock-salt, and by Polanyi and Schmidf for metal crystals. 

If, however, a crystal undergoes plastic deformation, it hardens, the hardening 
process effecting an increase of the shear resistance of the not-hardened crystal 
from its extremely low value to a value, which, at its highest, is of the order of 
magnitude anticipated from the abovx-mentioned theoretical considerations re- 
garding the atomic forces. 

Several theoriesj have recently been put forward to account for the above- 
mentioned characteristic features of ciy’stalline plasticity. They may be said to 
have in common the fundamental conception that the macroscopic “glide process” 
consists essentially of the combined effect of a large number of “ local glide steps, 
the occurrence of which is closely related to the presence, even in the undeformed 
ciystal, of some kind of deviations from the “ideal ” lattice structure. Although the 
various theories differ apparently regarding the exact nature of these deviations 
(“ Lockerstellen ” (Smekal), “dislocations” (Taylor), “ Versetzungen ” or “Ver- 
hakungen” (Polanyi; Orowan, Dehlinger)) and as to the way in which they 
initiate slip (as a consequence of local stress concentration or of special con- 
ditions of potential energ\’), their conceptions agree in so far that local glide 
steps occur under the influence of shear forces, which, while being originally small 
compared to that expected for an “ideal” lattice, increase with the number of 

deviations§. 

The hardening process is, therefore, essentially connected with the increasing 
distortion of the deformed ciy^stal. In case a crystal is subjected to a shear deforma- 
tion, which, as to its outer form, is homogeneous over its full extent, this distortion 
must be related in some way to the “ limited ” character of the individual glide steps. 
The knowledge of the “internal distortion” of a “homogeneously” deformed 
crystal is thus important for the understanding of the glide phenomenon as a whole. 
It is the object of the present paper to show that some insight into this state may be 
obtained from a study of the recr>'staIlization of single crystals which have been 
deformed in this way. 

(2) If we cut a circular disc out of an aluminium single crystal plate (see Laue 
photograph, figure 3 «), and compress it between flat steel blocks with all necessary 

* A. Joffe, The Physics of Crystals (1928); Smekal, Phys. Z. 34 , 633 (1933): F- Zwicky, ibid. 
24 , 131 (1923): Helv. Phys. Acta. 3 , 269 (1930)- 

t M. Polanyi. Naturiciss. 16 , 1043 (1928); M. Polanyi and E. Schmid, ibid. 17 , 301 (1929). 

X A. Smekal, /Of.e//.; G. I. Taylor. Proc. Roy. Sue. A, 145 , 362 (1934): F. Orowan, Z.f. Phys. 89 , 
605 (1934); M. Polanyi, ibid. p. 660; K. Yamaguchi, Sci. Pap. Inst. phys. cheni. Res. Tokyo, 11 , 151, 
223 (1929V. see also U. Dehlinger, Ann. d. Phys. 2 . 749 (1929). 

§ In Proc. Acad. Anisf. (“Report on Viscosity”, Chapter v) is a suggestion how to combine the 

theories of Tavlor and Orowan. 

# 
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precautions for minimizing the resistance between blocks and disc, in tlie manner 

described by I'aylor and Farren* (polishing and greasing of the disc, etc.), this 

disc takes an elliptical shape, indicating that, from a macroscopic point of view, 

a homogeneous shear deformation has taken place, in the way illustrated by figure i 
for a single glide plane. 

This is confirmed by taking rotation photographsf of such a disc before and 
after compression. 1 wo such photographs are reproduced in figure 2 , a repre- 



Figure i. Chanse in orientation of ^lidc lamellae during compression of a disc, 

cut from a single crystal. 



a 


Figure 2. X-ray rotation-photographs of an aluminium single-crystal disc: a before 
compression; b after compression to about o'8 of its original thickness. 

senting the undeformed crystal, h after compression up to d = about o*8. d'he 
fact that the spots on this last photograph are hut little less sharp than tliose on 
figure 2 a indicates that the compressed disc can still be considered as lacing prac- 
tically a “ single crystal.” From the relati\e shift of corresponding spots on hotli 
photographs, it can further be concluded that tlie position of the crystal lattice 
with regard to the surface of the disc has changed exactly in the way required by 

• G. I. Taylor and W. S, Farren, Proc. Roy. ■Soc. A, IH, 520 (i<;26); A, 116. i6 (1927). 
t The discs were rotated about their normal as axis, the X-ray beam “ skimming ” the ovitermost 
zone. 
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the glide process illustrated in figure i, namely by a rotation {not a curvature) of 
the ^vhole glide lamellae about the axis Ai)r> the line of intersection of the glide 
plane g with the plane of the disc. 

In this “ideal” shear deformation there is no reason for any distortion of the 
cr\stal lattice. A Laue photograph of the compressed disc (figure 3 b) shows, how- 
ever, elongated spots, thus indicating the presence of “curved” lattice regions*. 
From a geometrical analysis of these Laue photographsf it can be deduced that the 
curvature has a definite sense, namely around an axis [21 1], which lies in the 
glide plane (of general form (iii)) perpendicular to the glide direction (of general 
form [no]); on the photograph this is shown by the fact that the spot (No. ii), 



l iuurc I.aue photoiiraphs of an aluminium sinule-crystal disc. X-rays J_ disc-surface: a before 
c<>ni}'>rcssiun line of intersection of jrlide lamellae and disc-surface (compare figure i)), 

h alter compression to o-86 of its original thickness. 


due to reflection of the (2ii)-plane, which stands perpendicular to the first- 
mentioned axis, is practically not elongated on figure 3 b. It was found, further, 
that the degree of bending increases with the amount of shear along the glide 

plane. 

In connexion with the homogeneous character of the deformation as a whole, 
the occurrence of lattice curvatures is only explicable if we assume, as has been done 
bv 'Faylor and by Yamaguchi {he. at.), that they have a local character and are due 
to slip over limited regions of the slip planes. It seems probable that such “ limited 
glide processes” are accompanied by local bendings of the glide lamellae around an 
axis which lies in the glide plane perpendicular to the glide direction (compare 

* I’he occurrence of elongated spots on Laue photographs of deformed cry stals and their, con- 
nexion w ith the glide nicchanistri was first studied hy J. C zochralski (Z.f. Mctallk. 15 , 6o (1923)) 
and L. JofFe and collaborators Fhys. 22 , 2XO (1924)). 

1 \V. (L Ikirgers and P. C. Louwerse, Z.f. Phys. 67 . 605 (1931); K. Yamaguchi, Set. Pap. Jrisl. 
plivs. ihcm. Res. 'I'nhyo, 11 . 151, 223 (1929); compare also (>. I. 'Taylor, Trans. Far. Sac. 24 , 121 
(i92S>, IT J. (kiugh, Kdgar Marburg Lecture, .////. Sac./. Ttst. Mat. 33 (ii), {1933). 
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figure 4, which is due to \ aniaguclii, he. cit.), that is exactly in tlie sense that can be 
deduced from the Lane photographs by purely geometrical analysis*. 

We may perhaps get some insight into the “actual nature” of a local curvature 
by considering the fact that even a severely cold-worked aluminium test-piece, be 
it a single crystal or poly-crystalline, does not show an appreciable broadening of 
the Debye-Scherrer interference linesf, from which it can be concluded that the 
actual distortion has such a character that only a relatively small proportion of all 
the atoms has undergone irregular displacements from ideal lattice-positions. It 



Hefore distortion 



After slip 

Figure 4. Schematic representation of a “ local curvature ” of the crystal lattice, 

due to slipping over a limited area. (.After ^’amaguchi.) 


Figure 5. 



Schematic representation of 
along a glide-lamella of a 


“cr\stal break-up” in a “local curvature” 
defitrineil aluminuim crvstal. 


seems probable, theret'ore, tliat a local curvature correspoiuis more or less to a 
“broken-up” cr\‘stal-re^ion as shown schematically in ti^ure 5, where the j^reater 
part of the atoms belonjj; to undistorted or only slightly distorted lattice regions 
(thick lines), which are "glued together” by severely distorted regions (dashed 
lines)|. 

So we arrive at the conception ot a unifi)nnly distorted single crystal, in which 
gliding along one system of parallel glikle planes has taken place, as shown sche- 
matically in figure 6 b, where the local curvatures are indicated by short thick 

* See also the micro-photographs in \ amaguchi s paper: Si - etc. 8, .:<S9 (1928). 

t L. Dehlinger, Z. f. Krisf. 65 , (>15 (io- 7 '- 

X Compare H. J. CJough, Im'. t it- tieure 52 ; see ah- • W . t »- Hurgl-r^ .uid P. C . l.ouw er>e, (oc. itt. 
p. 613. 
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lines*. Their “sense” corresponds to the rotations, which occur at the ends 
of a crack in an elastic material on applying shear parallel to the crackf . In case 
of gliding along more than one set of planes, it may be expected, and it is confirmed 
by atialysis of the corresponding Lane photographs (for the details of which we must 
refer to our paper, quoted on p. 142, footnote), that “local curvatures” are formed 
along each of the systems of glide planes, which have taken part in the deformation 
process, in the way represented schematically in figure 6 c for two glide planes. 

Now it is reasonable to assume that the “local curvatures” as a consequence 
of “overlapping” of atom-rows are closely related to the “dislocations” or 
“ Versetzungen” (“ Verhakungen ”) considered by various authors in their theories 
of plastic deformation, and are thus essentially connected with the hardening of the 
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Figure 6. Schematic representation of “local curvatures” along glide planes: for a given total 
shear t the average degree of bending is greater in case of gliding along one (figure 6 6) than 
along two (figure 6 c) glide planes. 

crystal against further shear. As it is known from the investigations of v. Goler, 
Karnop and Sachs I and from those of Taylor§ that the shear hardening of alu- 
minimum single crystals practically only depends on the total amount of shear, 
independent of whether this has taken place along one or along two sets of glide 
planes, this means that the same shear hardening can be effected by different ''systems of 
curvatures,'* viz. by the system of curvatures represented schematically in figure 6 b 
(one glide plane, with a “small” number of “strong” curvatures) as effectively as 
by that of figure 6 c (two glide planes, with a “large” number of “weaker” cur- 
vatures). 

* A similar schematic representation is given by H. J. Gough in his Edgar Marburg Lecture 
(/oc. cit. figure 2i). 

-j- A. T. Starr, Proc. Camb. Phil. Soc. 24 , 289 (1928). 

X Frhr. V. Goler, R. Kamop und G. Sachs, Z.f. Phys. 41 , 103, 116 (1927). 

§ G. I. Taylor, Proc. Roy. Soc. A, 116 , 39 (1927). 



recrystallhatlou 

If we assume that the energy surplus (stress content) in a “strong” curvature 
IS greater than in a “weak” curvature, we may picture in an energy diagram the 
two states ot the detormcd crv’stal. which relate to the shear hardening as is 
done schematically in figures 7 and 7 h : in these figures the sliaded areas represent 
the energy surplus in a “curvature”; a relates to gliding along one plane, h to 
gliding along two (eventually more) glide planes. 




Figure 7. Schematic representations of tlte ilistribution t)f stress concentration in two states of a 
deformed cry stal, relating to the same t>Hnl shear (and thus practically the same shear hardening) : 
a in case of gliding along one glitle phme ; h al*)ng tw o glide planes. 



Figure 8. Recr>-stallization of a strained metal: the new undefortiied crystals grow from nuclei. 

{3) shall now proceed to consider in what way the above picture of tlie 
“inner structure” of a “homogeneously” deformed single crystal can, at least to 
some extent, be confirmed by studving its recrystallization process. 

Figures 8 and 9, which are due to van Arkel^, illustrate two characteristic 
features of the recrv'stallization process m general. 1 hey both relate to hne-grained 
aluminium test-pieces, which have been stretched a tew per cent and then lieated 
at 600® C, for a relativelv short time, figure S shows that the new undetormedj* 


* Compare A. E. van Arkel, Polyttclm. IWckhhul, 26 , 397 (1932); /. _t. Mt inllh. 22, 2 
t Compare however p. 151. 
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cr}^stals grow from definite nuclei, till they come into contact with each other. 
Figure 9 demonstrates how these nuclei are formed especially at those points 
of the deformed test-piece where the concentration of stress has been largest, as 
was the case in the neighbourhood of the incisions which were cut into the test- 
piece before stretching. 

Applying these two well-known facts to the recrystallization of the homo- 
geneously deformed aluminium single crystals, we may expect in the first place that 
the nuclei will be formed in the local curvatures of the glide planes. According to 
a point of view set forth by Dehlinger*, we may conceive this process as consisting 
of a “loosening” of the severely dislocated atoms (dashed lines in figure 5) bet\veen 
the more or less strain-free regions (thick-drawn lines in figure 5), followed by 
subsequent growth of these regions. If this is actually the case, then it must be 
expected that there mil be a definite relationship between the orientation of the mother 
crystal and that of the small crystallites formed by recrystallization of a homogeneously 
compressed aluminium single crystal^ in the sense that the new crystallites occupy 



Figure 9. On recr>’stalUzation, nuclei are especially formed in regions of stress concentration. 

a definite preferred orientation, which is composed of as many different “groups” as 
there are glide combinations which have taken part in the deformation process, 
whereby the mean orientation of each individual group can be deduced from that 
of the original single crj'stal by a rotation around an axis in the glide plane considered, 
perpendicular to the glide direction considered. (Compare figure 4). 

'I'his conclusion could actually be confirmed in a detailed investigationf of the 
recrystallization of homogeneously deformed aluminium single cr>'stals. Before 
showing this to be the case, figure 10 may first be given as an experimental indica- 
tion of the presence of a preferred orientation in general. 

It also is due to van Arkel and shows an etched aluminium plate, figure 10 6, 
which had been rolled and thereafter recr>'staliized. Originally, figure 10 a, it 
consisted of a few large single cr\'stals, the boundaries of which had been marked 
by ink lines. Although the recry stallized plate is entirely in a finely grained state, 
yet the regions originally occupied by the single ciy^stals can still be clearly 
discriminated, thus showing that in each region, the new crystallites occupy some 

* V . Dehlingcr, Metallic. 12 . 48 (1933) ; compare also H. G. Miiller, “ Zur Natur der Rekristal- 
lisationsvorgange,” Physik. Z. 35 , 646 (1934). 

t W. G. Burgers and P. C. Louwerse, loc. cit.\ much more concisely in Metallic. 11 , 251, 265 

(193^)- 
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preferred orientation, ditjerino from that of the neiohhourino crystals ; tins is wluU would 
be expected in connexion with the van in,u: orientation of the original crystals, if in 
each ot these crystals the mean orientation of the new crystallites is related in a 
dehnite way to the orii^inal orientation of the special crystal'considered. The actual 
presence m a homo^^eneously defornuHl sinj^le crystal after recrystallisation, of a 
preterred orientation ot the type mentioned above, may be clear from tij^ures 
U-13 (tor details see the orii»inal papers). 

1 he) relate to the recrystallization ot the ilisc, cut trom a sinj^le crystal of 
aluminium, the l.aue pluitograph ()t which in its uiKletormei.1 state is shown in 
figure 3 a. I*rom this photograph the positions ot the cubic axes in relation to the 
plane of the disc were determined; they are represented In /*„, 0 „ and A*. in the 
stereographic projection figure 13 A (plane of pnijection parallel to platie of (.lisc). 

After caretid compressioti (compare first ftioinote, page 141) up to of its 
original thickness, the position ot the lattice, as a consecpience of rotations of the type 



FiLiurc 10. Recrystallization ot a roHcJ aluminium plate, winch <iriuinally (</) coiiMstcJ ot a lew 
larye crystals, the ht>undaries ot which hail been markeil. In the recr\stalh/.eil te>l-|nece the 
regions, occupied oriuinally by the smude crystals, can >tiil be discriminated 1 /j). 

represented in figure i, had changed in such a wav that (as was deduced from rota- 
tion photographs (compare figure 2)) it occupied the symmetrical "final jiosition,” 
represented in figure 1 1, in which the direction of compression is parallel to a [i 10] 
direction. In this position, which was already nearly reached after conijiressing up 
to d d^y = o•('>, the shear-stress comlitions are etpia! for four glide coinbin.uions, \ i/. 
those operating along the octahedral planes ;' ( i ) and g (2} panillel to one or other of 
the two equivalent octahedral sides in each plane, for example a aiul h in plane g (2). 
I'hese four glide combinations can thus be expected to ha\e taken part in the 
compression deformation (possibly to a different extent; see below) and to have 
given rise to " local curvatures " of the glide lamellae about four axes, 1\ inu in g ( 1 ) 
andg (2) perpendicular to the glide directions, the " sense '‘of these cur\ atures bein<2 
as shown in figures 4 and 6. In figure i 1 t:io of these axes. < aiul </, standiiu: jUT- 
pendicular to the glide directions a and h in the ‘jlide plane g (2), are uidicated. 
together with curved arrows, representing their ■■^ense of rotation," a^ \vill be 
clear from careful consideration of the figure. 

As to the positions of the cubic axes (cube poles), the resulting hittice cursalure 
is shown in stereographic projection in figure 12 (plane of projeciion again parallel 


I o- 



148 G, Burgers 

to plane of disc). Figure 12 e shows once more the “final position** of the 
elementary cube in the compressed disc before recrystallization, with one com- 
bination of glide plane g, glide direction G and “axis of curvature’* specially 
indicated. By means of the figures 12 a and 12 by the stereographic projection, 
figure 12 r, will be understood; here P, Q and R represent the cube poles of the 
elementary cube in the compressed disc, while the three arrows indicate the 
positions occupied by P, Q and R if rotated about the axis of curvature 
(compare figure 12 b)y which stands perpendicular to the glide direction G in the 
glide plane g (the “ends” of the arrows correspond to a rotation of 50°). Thus 



Figure 1 1 . Final orientation of the lattice of an aluminium single cr>-stal after continued compression : 

direction of pressure D parallel to a [i io]-direction. 

the directions of these arrows indicate, for the glide combination considered, on 
the one hand the “local curvatures” of the glide lamellae in the compressed 
disc; on the other hand they must be expected to “fix” the cube poles of the 
corresponding group of crystallites formed on recrystallization, in case the sup- 
position made previously regarding the formation of crystal nuclei is correct. 

Finally figure 12 d has been obtained by completing figure 12 c with regard to 
the three remaining glide combinations which take part in the compression de- 
formation of the single-crystal disc, as set forth in the discussion of figure ii. 
Figure 12 d thus shows four series of curves (each drawn differently), fixing the 
positions of the cube poles in the four groups of crystallites, which can be expected 
to occur in a strongly compressed single crystal disc on recrystallization. 

The experimental results are summarized in figure 13. Figure 13 a shows a 
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10® Qscillation photograph of the recrystallized disc (for this purpose it was heated 
at 600 C. during a few seconds only). By means of a complete series of such 
“oriented” oscillation photographs the positions of the cube poles in the re- 
crystallized disc were completely determined. The result is shown in figure 
13 b in stereographic projection, where the different shadowing of the cube-pole 
regions indicate their considerable variation in “density.” 

Now in the first place figure 13 b allows the conclusion that there are actually/oz^r 

* 


a b 



Figure 12. Representation (in stereographical projection of cube-poles) of the Jourio\d local 
curvature” of glide lamellae in a severely compressed aluminium crystal about axes, which he 
in the glide planes perpendicular to the glide directions (in e the relative position of owe such 
axis glide plane g and glide direction G is indicated separately). 

differently oriented groups of crystallites in the recrystallized disc (each group 
being represented by three cube-pole regions at average distances of 90 from each 
other), in positions which are approximately fixed by the series of arrows of figure 
12 d*. The fact that the cube-pole regions show a considerable “dispersion” 
about the “theoretical” arrows is not surprising, as we may suppose that these 


* The projection shows only ten cube-pole regions instead of twelve ( -four tinaes ‘ J]"-; 

is in consequence of the fact that figure 12 d contains two pairs, of arrows (on le 
right of the figure), which are so close together that the corresponding pole regions overlap in the 

stereographic projection of figure 13 b. 
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latter represent only average directions of curvature of the original glide lamellae: 
deviations will occur as a consequence of local inhomogeneities in the crystal; 
moreover lattice regions where different glide lamellae “cross” each other may be 
“cur\'ed” about more than one axis. It can be further concluded from figure 13 h 
that the orientation of the newly formed crystallites differs from that of the mother 
cry stal by rotations of 20 to 60^^ about the axes Aj,,. considered. This means that 
conditions are favourable for crystal growth only in the severely rotated regions of 
the local cur\’ature, a fact which need not be surprising, as in these regions the 
relative dislocation of neighbouring atoms, and thus the stress-inhomogeneity, may 
be largest*. 

The considerable variation in “density” of the cube-pole regions allows 
another conclusion to be drawn, which is of importance in connexion with what 
follows later (under (4)). 



a 

Fijiure 13. Recnstallization texture of a severely compressed aluminium single cr>’stal disc after 
heating at 600 C. a, 10 oscillation-photograph, axis of oscillation in plane of disc (vertical 
in photograph); b, stereographic projection of cube-poles, and their relation to the position 
of the compressed cn,stal before heating: four different groups of crystallites are present. 

From the analysis of the rotation and Laue photographs of the disc, taken after 
different stages of compression (and hence before recrystallization), the relative 
“ activity” of the four glide combinations, which have brought about the change in 
the position of the cry-stal lattice from its starting position “Po-Oo-i?o” (figure 
13 h) into the final position could be deduced with great probability 

(for details see the original paper). It was found in this way that the glide combina- 
tion corresponding to the thick arrows in figure 13 b (or 12 d) has been in opera- 
tion from the beginning of the compression; then, after reaching a symmetrical 
position relative to the planes "(i) and ^ (2), the glide combination correspond- 
ing to the “double arrows” also took part in the deformation process; whereas 
only in the last stages of the compression, when approaching the “final position” 
represented in figure ii, did the two remaining glide combinations (thin and 

* Compare G. Burgers and P. C. Louwerse, Z.f. Phys. loc. cit. p. 658. 
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dotted arrows in figure 13 b) come into a position, for which the shear-stress condi- 
tion became equal to that of the combinations already active. From the fact, 
shown by figure 13 h, that the “density” of the cube-pole regions decreases in the 
same order as the ‘ activity ” of the glide combinations, it can be concluded that /or 
identical conditions of heating the chance to form an undeformed nucleus increases 
considerably with the amount of shear along a glide plane, and thus (see under (2)) 
with the degree of bending of the “local curvatures.” 

Summing up, it can be said that not only the individual glide processes which have 
taken part in the deformation but also their ''relative activity" can to some extent be 
deduced from the recrystallization texture. 

On continued heating, a fine grained test-piece showing a definite recrystallization 
texture may be transformed into a few single crystals, or even only one, by subsequent 
growth of definite ciy'stallites*. Investigationf of the orientation of these large ciy^stals has 
shown that, in general, their positions do not lie within the “regions of maximal density” 
of the recrystallization texture, but somewhere outside or near the “boundary” of these 
regions. They thus correspond with nuclei which have been formed in “local curvatures” 
of the glide lamellae which either in “ degree ” or in “ direction ” of bending differ from the 
majority. This is of interest in connexion with the concept of Dehlinger;! referred to 
above, according to which even in recrystallized grains there are still “ residual ” distortions 
and stresses. It is assumed that their “amount” differs in the various grains (probably 
according to the “ state ” of that special region of the deformed lattice where a definite grain 
is formed), and that this difference is the “driving force” for the subsequent growth. 

(4) The above-indicated analysis of deformed and recrystallized aluminium 
single crystals by means of X-rays confirms the schematic conception of the 
“inner structure” of a “homogeneously” deformed crystal as shown in figures 5 
and 6, especially as to the occurrence of “local curv^atures” of glide lamellae. 

Although in this conception of a plastically deformed crystal the “local curva- 
tures” are fundamentally connected both with hardening and with recrj^stallization 
power, we should not expect a parallelism beUveen these two properties, in the sense 
that for a given crystal a definite “shear hardening” corresponds with a definite 
recrystallisation power (this latter power being conveniently measured by the 
number of crystallites formed during a given heat-treatment §). 

In fact, whereas it is the “total effect” of all these curvatures together, which is 
measured by the “ hardness,” it is the “distribution ” of the energy surplus over the 
individual lattice distortion which determines the recrystallization power. 'This 
was clearly demonstrated by the analysis of the recrystallization texture of figure 
13 6, where it was found that for definite conditions of heating, the chance ol 
forming an undeformed nucleus increases with the amount of shear and thus with 
the degree of bending of a local curvature. 

It is therefore clear that we may expect a difference in recrystallrzation power 
betzveen tzco crystals which have undergone the same shear hardening, in one case 
(compare figures 6 b and 7 «) by shear along one glide plane, in the other case 

* A. E. van Arkel and M. t;. van liruyt'cn, Z. f. 51 , 520 (192S). 

•f W. G. Burners and J. C. M. Basart, ihul. 54 , 74 (ly’y). 

X U. DehlinKcr, Meta/hv. 12 , 48 (1933)- 

§ It is here supposed that this number corresponds to that of the nuclei tonned. 
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(figures 6 c and 7 h) bv shear along ynore than one glide plane: in the sense that 
the number of nuclei will ht greater ^ the less the number of glide planes which have 
taken part in the deformation process, since in this case the average bending of the 
“curvatures," and thus their stress content, is larger. 

This is now confirmed by experiments*, as the following examples may show. 
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Figure 14. Difference in recrystallization power between crystals which have undergone “double 
gliding” (Nos. 1 and 2) and ” single gliding” (Nos. 3 and 4) : the number of crystals, formed for the 
same total shear t, is less in the former than in the latter: a, “theoretical” change in position 
of the lattice relative to the direction of stretching for shears t = o*6 or o-8; b, recrystallized 
test-pieces. 

Figure 14 relates to four aluminium single crystal rods, the directions of the 
axes of which are shown in stereographic projection. Of each crystal two pieces 
have been stretched so far as to correspond to shears of 0 6 and 0-8 respectively f. 
As is clear from the stereographic projection (figure 14 a), the orientation of crystals 

* W. G. Burgers and J. J. .A. Ploos van Amstel, Z.f. Phys. 81 , 43 (1933); Nature, 131 , 326 (1933). 
t The amount of stretching required for a definite shear can be determined for an arbitrary 
crystal orientation with the aid of diagrams, given in Frhr. v. Goler and G. Sachs’ paper {Z.f. Phys. 
41 . 103 (1927)). 
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3 and 4 was such that for both degrees of stretching, gliding took place along one 
glide plane only (but for the occurrence of “forbidden glidings”), whereas for 
crystals i and 2 the symmetry line [ioo]-[iii] between two “fundamental 
triangles* [loo-iio— iii] and [loo-ioi-iii] has been passed, so that “double 
gliding** might be expected to have occurred in these cases*. On recrystaliizing 
the stretched rods at 600° for 15 min., the number of crystals (figure 14 A) formed 
in these last rods, in which double gliding has taken place, is much less than in 
rods 3 and 4, where only one set of glide planes has taken part in the deformation 
process, in accordance with the view set forth above. 

The same effect can be shown in a much more striking way by the following 
experiment. It is a well-known fact that on stretching an aluminium single crystal, 
not only the “theoretical” glide plane for which the component of shear stress is 
maximal, but also so-called “forbidden glidings” take part in the glide process to 
a greater or lesser extent. If we assume the probability of gliding in a definite glide 
plane to be proportional to the shear stress along this plane, we may predict for 
what direction of stretching the probability of the occurrence of multiple gliding 
is largest and smallest respectively, by calculatingf the average of the shear stresses 
along all twelve possible glide combinations for different directions of stretching. As 
this quantity, expressed in terms of the applied tensile stress as unity, varies from 0-27 
for the [100] direction to 0*14 for the fiio] and [m] directions, we find that the 
probability of multiple gliding is largest for the [100] direction (for this direction 

shear stress ^ value (0-41) for eight of the twelve possible glide 

combinations) and smallest for the [no] and [m] directions. 

We may thus expect a difference in recrystallization power for aluminium crystals 
of varying orientation, stretched over the same total shear, in the sense that the 
number of crystallites formed on heating will be larger, the nearer the crystal axis 
lies to the line [iio]-[i 1 1]. This is confirmed by figure 15 /», where five crystal rods 
are shown, the orientations of the axes of which are again represented in stereographic 
projection in figure 15 a. 

The maximal difference in recrystallization power may be expected to exist for 
aluminium crystals stretched along [100] and along [r 10], in the sense that the former 
gives rise to the formation of a smaller number of crystals than the latter. 1 his is 
now confirmed by experiment in a striking way, as is clear from figure 16, which 
shows four pieces of an aluminium single crystal, two (figure i('> a) with tlie length 
direction parallel to [100] and two (figure 16 //) with their direction parallel to [i 10]. 
On stretching all these crvstal pieces 10 per cent, that is, as calculation shows, 
practically to the same total amount of shear, their hardening proved to be practi- 
cally the same; Laue photographs showed, however, that the spots (figure i('> a) 
of the crystal stretched parallel to [too] have practically remained unaltered, whereas 
those (figure 166) of the crvstal stretched parallel to [mo] have been elongated, thus 

• G. I. Taylor and C. F. Elam. Prnc. Roy. Sor. A, 108 , 2S (1925); I -hr. v. (iukr and (i. Sachs, 

Z.f. Phys. 41 , 103 (1927). 

t Compare W. Boas and E. Schmid, Z.f. let tin. Phys. 12, 71 (1931). 


the ratio 
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indicating that the local cun'atures are much smaller in the “ [loo] ” crystal than in 
the *' [i lo] ” ciy stal; this may be expected if the total shear has been divided over 
more glide planes in the former case*. In accordance with this, a large difference 
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Tiyure 15. InHucncc of ' forbidden ulidings” on the recrystallization power of aluminium cr>-stals: 
for a uiven shear the recrystallization power is greater, the more the direction of stretching 
approaches the [iio]-[iii) boundar\- between two "fundamental triangles": a, "theoretical” 
chanue in position of the lattice relative to the direction of stretching for a shear t = 0-53; 
h, recrystallized test-pieces. 


in recrystallization power is found on recrystallization, and indeed to such an 
extent that practically no cry stals are formed in the [100] crystals, whereas the [iio] 
crystals have become hnelv grained. 


1 hat this was actually the case could be confirmed by nieans of X-ray rotation photographs of 
[>arts ol the crystal pieces: see note *, p. 152. 
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(S) Thus we finally come to the conclusion that a definite shear hardening 
may be connected with different states of lattice distortions, i.e. schematically 
speaking, the “co-operation” of a large number of “weak” curvatures or a maJ 
number of strong” curvatures. The recrystallization power is attributed to The 
distribution of stress content over the individual curvatures; it is thus con- 
ceivable that the first state gives rise to the formation of a smaller number of 
crystallites than the latter state. 




Figure i6. DiflFerence in distortion and in recr>'stalli/ation power on strctchinu an aluminium single 
crystal to practically the same shear hardenim^ -. a, a', (nearly) parallel to a [ioo]-direction ; 
by b , (nearly) parallel to a [i io]-direction. 


If now we stretch a test-piece consisting of a number of differently oriented 
crystals, we may expect that the recrystallization power of the individual crystals 
will be different, as some have undergone “simple” and others “complicated” 
shear, thus giving rise to different systems of “lattice cur\atures” within them. 
That this expectation comes true is clearly shown* l>v figures 17, 18; the tliree 
crystallites I, II and III, marked in figure 17 c/, after stretching the whole test- 
piece about 10 per cent, gave rise to the Laue photographs in figure i<S a, h and r 
respectively. After heating the test-p iece at 600 (ligiire 17 h) several new crystallites 

* W. (/. iiurgers, Metnll::. 11, -65 
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were formed in II, and none in I, in accordance with the fact that the Laue spots in 
photographs i8 a, b indicate the presence of “ stronger curvatures ” (corresponding 
to a "simpler ” glide process) in II than in I (III represents an intermediate state). 



l iiiure 17. Difference in recrvstallization power between various crystals of a polycry’Stalline test- 
piece: a. (>rii:mal >iate: />, after 10 per cent stretchmt> and subsequent heating at 600® C.: the 
number of crystallites termed in the crystals 1 . II and III is quite different (none in I, several 
m 1 1 . a few in 1 1 1 1. 



figure iN. 


Laue photographs of cr>stals I. II and 1 1 1 in the stretched aluminium plate of figure 17 a 

before recrvstallization. 

« # 


'I bis difference in recrvstallization power of the individual cn'stallites of a polycrystal- 
line test-piece, in connexion with the extreme recrx’Stallization power of crystals stretched 
alono [iio], seems to us to give an explanation of the experimental fact, observed by 
several investigators*, that large aluminium crystals, grown by recrystallization of strained 

* C . I-. Klam, Phi!. Mtrg. 50 . 517 (1025); K. Schiebold and O. Sachs, Z.f. Krist. 63 , 34 (1926). 
I- or further rctercnccs see note p. 152. 
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polycrystalline test-pieces, seem to favour a position in which a [no] direction is parallel 
to the direction of stretching: it seems probable that, on stretching a polycrystalline aggre- 
gate, a crystal grain of this special orientation will exhibit an extreme recrystallization 
power and serve as nucleus for the single crystal formed on heating. 


The above may perhaps help us to understand the experiments of van Arkel 
and van Bruggen*, who found that aluminium test-pieces of rather variable 
crystal size, after stretching to the same load per mm'r, on heating give rise to the 
formation of an equal number of crystallites: their test-pieces consisted in all cases 
of a fairly large number of crystallites, so that in a given test-piece crystal- 
lites were present which, if we neglect the influence of the glide distortion at 
their boundaries, had undergone simple, as well as others which had undergone 
complicated shear; thus the number of crystallites formed on heating was probably 
the average for all crystal orientations for the given shear applied f, and the differences 
observed by us for single crystals need not occur in their experiments. It is, however, 
difficult to discuss these experiments in detail, as, of course, the hardening caused 
by the glide distortions at the boundaries of the crystallites plays an important 


part in this case. 

That, however, the parallelism between hardening and recrystallization power, 
as shown in this case, is more accidental than fundamental and due to the special 
conditions of the experiment, is clear from experiments with crystals under 
flexural and torsional stress, as have been performed by Czochralski, Sachs, Beck 
and Polanyi, and van Arkel and van Bruggen. For details we must refer to the 
original papers]!. Here only one experiment may be mentioned, described by 
Beck and Polanyi §, which clearly demonstrates the fundamental //o/z-parallelism 
between the two properties mentioned. An aluminium single-crystal rod was bent 
through a certain angle and then restraightened over half its length. Ball-hardness 
tests showed that the restraightened part was “harder” than the bent part; on 
recrystallization, however, crystallites grew in this latter “weaker part, whereas 
they were not formed in the “harder straight part ot the crystal rod. 

In connexion with the foregoing, we may say that regarding the distribution 
of stress concentration, the bent and the restraightened part of the crystal rod can 
be discriminated by such schematic figures as those given in figures 7 a and 7 b re- 
spectively. Thus we attribute the decrease of recr>'staliization power on restraighten- 
ing, in agreement with Polanyi, to a decrease of stress content in the “curvatures” 
formed during the foregoing bending, whereby the increase of the hardening can 
be accounted for by the formation of new (“small”) cim^atures (and consequent 
lattice distortions) as a result of the working of other glide planes on restraightening I,. 


• A E van Arkel and M. G. van I3rug«en, Z. j. P/tys. 42, 795 (i9-27)- 

t On account of the high degree of symmetry of aluminium a given stretch corresponds approxi- 
mately to a given total shear for all crystal orientations : see v. Golcr and bachs. /or. i U . 

f See for references, and for a more detailed discussion oi these experiments, W . Hu g , 

P* Bel‘'a^d M^pLnyi, N.„ur,ass. 19, 505 (.93.); ^- /■ 37 , 5a. (.93O. . 

11 On further bending in the same direction, the average curvature can increase again and 

with it the recrystallization power: compare A. E. van Arkel and M. C,. van ruggen, 

80, 804 (1933) for analogous experiments with crystals under torsional stress. 
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APPENDIX* 

(6) “ Transformation-hardeiiing.'* Before concluding this paper, a few words may 
be added regarding a type of recrystallization process, which is essentially different 
from that considered so far. It occurs, at least in several cases (carbon-steel, brass, 
cobalt, zirconium), on transition of one phase (modification) of a metal or alloy into 



I'iuure Kj. Schematic illustration of the shearing operations, which can transform a body-centred 
l.ittice A, via an intermediate face-centred lattice B, into a lattice with atoms in positions 
correspondjnu to those of the hexagonal close-packed lattice Ct- 


another, and can be described as a homogeneous deformation of the initial crystal 
lattice, consisting of one or more simple shears parallel to definite crystallographic 


* See for references concerning a laruc number of papers by several investigators, dealing with 
the que^tions raised in this appendix, W’. (i. Burgers and F. M. Jacobs, " On the process of transition 
of tlie cubic body-centred modification into the hexagonal close-packed modification of zirconium,” 
P/iysica. 1 , 561 {1934). 

t The actual transformation of a cuhn bod\ -centred lattice via a cubic face-centred lattice into a 
truly lu\<ii>ouu/ close-packed lattice ret|uircs an additional shear operation, together with special 
dilations and contractions of the lattice, which are not illustrated by figure 19. 
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planes and directions, combined with (in general small) dilatations or contractions. 
Figure 19 may serve as an illustration: it shows the way in which for example a 
sequence of two shear operations may transform a definite body-centred lattice A 
via an intermediate face-centred lattice B into a lattice C with atoms in similar 
positions to those occurring in the hexagonal close-packed lattice; the shear 
plane corresponding in the various lattices to a {no}, a {111} and a {0001} plane 
respectively*. 

It is clear that the shear operations lead to the existence of a definite crystallo- 
graphic relation between the orientation of the crystals of the newly formed phase 
and those of the original phase. Thus, for example, a single crystal of the cubic body- 
centred modification of zirconium, while passing over into the hexagonal close- 
packed modification at about 870° C., gives rise to a limited number (maximally 12) 
of orientations of the hexagonal lattice; these being such that in each of them the 
{oooi} plane and a [1120] direction are parallel respectively to a {110} plane and a 
[ill] direction of the cubic lattice. It is actually from the existence of such a 
crystallographic relation that the “mechanism” of the process can be deduced, at 
least to some extent. 

In some cases, however, an experimental indication of the occurrence of a 
“ homogeneous” process is obtained, if, after transition of an a phase into a /3 phase 
and back again, the original orientation of the a crystal is obtained again: this will 
occur if the same shear plane (s) and direction (s) have been active in both transition 
processes. An example of this is shown in figure 20, which again relates to the 
transition of cubic into hexagonal zirconium and vice versa. 

In connexion with the subject of the present paper, it is, moreover, of interest to 
point to a characteristic feature of such a “homogeneous” transition process, viz. 
that smaller or larger regions of the original crystal lattice are “coherent” with 
regard to the transition, so that nowhere within them are the initial and the final 
states of the metal simultaneously present. 

This may lead to a remarkable difference beUveen this process and that occurring 
on recrystallization of a strained metal with regard to their influence on the hardness 
(and eventually other physical properties, as electrical resistance, magnetic hardness) 
of the metal. Whereas in a strained test-piece the growth of nuclei (see figure 8) 
gives rise to the formation of practically stress-free crystallitest, and thus to an 
“annealing” of the test-piece, the transformation process^ on the contrary, may cause 


it to become harder. 

In fact, as a consequence of the presence of different “equivalent” shear planes 
in a crystal lattice, or (in the case of a polycrystalline test-piece) of differently oriented 
crystallites, the directions of the transformation shears and contractions (or dila- 
tations) need not be the same in the whole test-piece. It is, therefore, conceivable 
that internal stresses and distortions may be created by “shear interference 
between neighbouring lattice regions, which themselves are coherent with regard to 

the transformation. 


• See p. 158, footnote f- 
f Compare howcNcr p. 151 (small print). 
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Such an effect may give rise to a “hardening” of the test-piece: it was actually 
observed in a rod consisting of zirconium crystals, if by rapid cooling the transition 
point was passed as quickly as possible, in order to prevent release of tension of the 

{no} {200} {220} {310} 

i i i I 


a 



1250® K. ^-Zr 


b 



Room-temperature 

a-Zr 


c 



1150= K. ^-Zr 


t t It, 

{no} {200} {220} {310} 

Fiyrure 20. X-ray rotation photographs* of a definite part of a zirconium wire at different tem- 
peratures. Photographs a and c show practically the same arrangement of spots (see especially 
the identical positions of the (20o)-reflections); in this case, therefore, a cubic jS-crystallite 
regains its original orientation after the transition of the hexagonal a-phase (photograph b) 
and back again. 

* Unfortunately these photographs have been damaged rather badly by scratches. Moreover 
they show a strong diffuse scattering, due to the Lindemann glass surrounding the wire. 

stresses introduced by the transformation process. By heating such “hardened” 
erv stals at a temperature not too much below the transition point, they can be made 
weak. An analogous behaviour was observed by Wassermannf in nickel-iron wires, 
which were subjected to repeated transitions from the cubic face-centred into the 
cubic body-centred phase. 


t G. Wassermann, Arch.f. das Eisenhiittenw. 6, 347 (1933). 
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ON PLASTICITY, CRYSTALLOGRAPHIC AND 

NON-CRYSTALLOGRAPHIC 

By E. SCHMID 
Freiburg, Switzerland 

devoted to summarizing experimental data on crystal 
plasticity. It IS pointed out that with regard to elasticity, Cauchy’s relations are in general 
obeyed by ionic, but not by metallic, co’stals. ^ 

The behaviour of crystals with regard to plasticity is then considered, first with refer- 

V to mechanical twinning. As regards the former, which is marked 

particularly by the fact that it occurs in directions and along planes which are definitely 
marked out in the costal lattice, it is pointed out that yielding shows an abrupt onset and 
commences at a definite critical shear stress. This quantity is tabulated for a number of 
crystals, and its temperature variation shown graphically. It is pointed out that, just as the 
yield point can be expressed by this single constant, so the stress-strain curve can be 
expressed in a single curve, the hardening curve. In this, the shear strength of the slip 

ptem concerned is plotted as a function of the shear. This cuix-e gives at once the 
hardening due to any degree of shear. 

As regards twinning, the available knowledge is less quantitative. The effect of tem- 

perature on it is less marked than on slip, and like the latter process, it leads to strengthening 
of the crystal. r » s s 

The final section of the paper deals with those types of plasticity which show no 
definite relation to the net-planes of the lattice. Among these processes are creep and 
a remarkable plasticity during phase-change of specimens under load. 


In the theory of the solid state, the investigations which would be expected to give 
in the most direct manner a measure of lattice forces, namely those on the strength 
of crystals, still present a difficult problem. The object of this paper will be to 
bring forward in a very condensed form some experimental data on crystal de- 
formation, at a conference where help in the explanation of the results may con- 
fidently be expected. 

1. THE ELASTICITY OF CRYSTALS; CAUCHY’S RELATIONS 

Even in the elastic deformation of metals a remarkable divergence from theory 
is encountered, which was noticed very early^**^^ The equations expressing the 
generalized Hooke’s law for triclinic crystals involve 21 constants. 'I’his number is 
reduced to 15 if no account is taken of the interaction between the component 
simple lattices. That is, six new relations are obtained, identical with those obtained 
by Cauchy in 1828. These six equations are: 

^31 = <^55, = and <^45=^36*. According to Born’s theory, these relations 

• ^th 3re elastic constants (Voigt’s notation). 
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should be valid if each element of the crystal is a centre of symmetry. Since this 
latter property cannot be destroyed by elastic displacements, mutual interaction of 
the component lattices is already excluded by the assumed structure of the crystal. 
Table i gives the values of the elastic constants of several materials. It will be seen 

Table i. Validity of the Cauchy relations 


Cn = Cii valid 


Crystal 

* 


C44 

iqIi Dyn./cm: 

NaCl 

1*37 

1*28 

NaBr 

1-31 

1*33 

KCl 

064 1 

0-65 

KBr 

0*58 

0*62 

KI 

0‘43 

042 

Cu 

12*3 

7-52 

Ag 

8*97 

4-36 

Au 

i 5‘7 

4-30 

A 1 

6*22 

2*84 

a— Fe 

I4I 

11*6 

W 

19*8 

151 


Ci2 = valid 


Crystal | 

1 \ 

1 

C 12 1 C^4 

10“ Dyn./cm? 

CaFj ' 

NaClOa 
' FeS, 

( (Pyrites) 

4-48 

— 2‘IO 

- 4'74 

3*38 

1*20 

10-55 

i 


c,i = 3^12; ^13= valid 


1 : 

Cr\’stal 1 

• 1 

1 1 

rii i 

, 3Ci2 1 

10“ Dyi 



Mg 

Zn 

Cd 

565 ; 

i6’3 

121 

6-96 1 

' 7-65 

14-4 

% 

i-8i 1 

508 

4*42 

1-68 

3*79 

1-85 


that whilst polar (ionic) cr>-stals show the relations which would be expected horn 
their structures, the metallic crj’stals exhibit a gross lack of agreement. Since, 
however, there can hardly be any doubt as to the stability of these lattices, the only 
available explanation is that the second assumption, concerning the non-interaction 
of the component lattices, is not justified, and therefore the easily detachable 
electrons of the metals must be considered as independent constituents of the lattice. 

2. TYPICAL CASES OF CRYSTAL PLASTICITY 

Whilst as regards elastic behaviour, polar crystals agree with theory and only 
metallic ciy^stals show a decided discrepancy, yet the plastic behaviour of both types 
differs most markedly from that indicated by theory. 
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(a) Slip 

Slip is in the first place characterized by the strictly crystallographic selection of 
the slip elements, slip planes and direction. In general the preferred direction of 
slip is the line of greatest density in the lattice (in the case of polar crystals that most 
thickly beset with metallic ions), and the planes of slip are particularly densely 
packed planes of the lattice. Table 2 shows that the mechanical condition of 
maximum elastic shear can only play a subordinate part, if any, in the selection 
of the slip elements. As the examples in the table show, the actual slip systems 
(corresponding to those values printed in black type in the table) are not by any 

means always characterized by the maximum specific shear (elastic shear produced 
by unit shear stress). 


Table 2. Slip systems and corresponding specific shears*; y = rjG 

{a) Cubic crystals: 


Slip parallel to 

Specific shear 

NaCl 

KI 

CaFg 

A1 

Cu 

Au 

Plane 

Direction 

(i/C?) 


( 

;io“'® cmr/Dyn.) 


1 

( 001 ) 

(no) 

(111) 

1 [lio] 

Su 

2 (Su ijj) 

■ 1(^11 -^ 12 ) + 

78-0 

56 0 

<> 3-3 ! 

238 

892 

138-7 1 

29 6 

i6-8 

21-1 

35-2 

; 43'4 
40 6 

133 

42-6 

32-8 

, 22-9 i 

, 661 
51-7 1 


(6) Hexagonal crystals : 


Slip parallel to 

Specific shear 

Mg 

Zn 

Cd 

Plane | 

Direction 

(I/O’) 

(10 cm'VDyn.) 

1 

(0001) 

(loTo) 

(0001) 

I [1120] 
[loTo] 

2 (Sii Sii) 

Sti 

59-5 

600 

59-5 

264 

14-6 

264 

j 54-0 ' 

1 27-6 

54-0 


* For notation and elastic constants see reference^^^ 


Dynamically, slip is usually characterized by its very abrupt commencement in 
crystals at extraordinarily low stresses. After a small amount of purely elastic 
deformation and then of slight plastic deformation with accompanying rapid 
increase of stress, there follows a very large amount of deformation, sometimes 
accompanied even by a decrease in load, b'igure i shows the well-defined nature 
of the “yield point” of crystals as thus defined, the example chosen being some 
creep-rate cur\"es for cadmium crystals. 'Fhe distinctness of the yield is often 
increased by the fact that at first it occurs locally and gradually extends over the 
whole crystal (see figure 2). 

A quantitative law for the value of the yield point, which has been verified 
in all the cases hitherto investigated, asserts that the commencement ot yielding 
is associated with the attainment ot a definite critical shear stress^^\ A summary ot 
the values of these critical stresses, determining the ease with whicli slip occurs in 
various materials, is given in table 3. The shear stress tor slip systems other than 
the principal one is only known in the case ot tin crj’stals. In this case there 
are four crystallographically distinct sliji systems which have only slightly 


1 1-2 
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different shear strengths; it thus follows that the possibility of slip is not entirely 
determined by the density of packing^^h In general, however, the preference for 
the principal slip system is very marked, as may be seen from the variations in 
orientation over which it remains operative. 

Figure 3 shows some data on the relation between critical shear stress and 
temperature in hexagonal metallic cr^'stals. It will be seen that the shear strength 



Figure 1. Distinctness of yield in Cd crystals. 



Figure 2. Commencement of local extension in a Cd cr>-stal 

of slip systems is only influenced to a small degree by the temperature. For 
example, the shear strength of the basal plane slip system of cadmium crystals is 
only increased about fourfold by decreasing the temperature from almost the 
melting point to 20° abs. Further cooling to i°ahs. has practically no effect^"h 
Near the melting point, metals show a region of practically constant critical shear 
stress*. Similarly small effects of temperature on the commencement of plasticity 
have been obser\'ed in the case of the cubic metals aluminium<®^ and tungsten*’^. 
In order to investigate the plasticity of rock salt crystals at low temperatures, they 
have been subjected to torsion The results were veiy^ similar to those found in 

* The effect of the variation with temperature of the solubility of impurities cannot yet be 
assessed separately. 
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metal crystals. The proportional limit in torsion, i.e. the stress at which devia- 
tion from Hooke s law first occurs, for the dodecahedral slip system, is found^^^ to be 
only 6 to 7 times as high at 20° abs. as at room temperature (see figure 4). Increasing 

Table 3. Critical shear stresses of the principal slip systems of crystals (at 20° C.) 


Crystal 

Total 
impurities 
(parts per 
thousand) 

Slip system 

Critical 

stress 

g/mm? 

Plane 

Direction 

Cu 

Ag 

Au 

Ni , 

< I 

O' I 

O' I 

20 

j (mi) ! 

i 

1 

[mo] 

100 

60 

Q2 

580 

Mg 

Zn 

Cd 

OS 

0'4 ' 

0'04 j 

1 (0001) 

[l 120] 

1 

83 

94 

58 

^-Sn 

1 

O' I i 

1 

(100) 

(no) 

} [001] 

189 

133 

Bi 

I 1 

(ill) 

[loT] 

221 

NaCl 

KCl 

KBr 

KI 

0'3 I 

O' 16 

0'3 

0-2 

1 

1 (mo) 

[mo] 

J 

75 

50 

80 

70 


Figure 3. 



Absolulc icrnjMTiiturc 

Relation between critical shear stress and temperature in metallic c rvstaK^^\ 


the temperature above 20® C. leads at first to an increase in shear strenutli, as had 
already been observed in tensile tests^'°\ 'hhe fact that at higher reinperatnres new 
slip systems are sometimes observed (e.g. in Al, .Mg. NaC'l, sliows also that 

the alteration in shear strength is not unitorni on all planes <4 the lattice. 




i66 


E. Schmid 

Just as the yield point, which depends on the position of the slip elements, 
can be expressed by a single constant, the critical shear stress, so the course of the 
stress-strain curve, which depends on the orientation, can be expressed in a single 



Figure 5. Hardening curves for metallic crystals. 

curve, the “hardening curve” (Verfestigungskurve)^"h In this the shear strength 
of the operative slip-system is plotted as a function of the shear (relative displace- 
ment of two slip planes at unit distance apart); from it the hardening (increase in 
strength) of the crystal can be read directly. Figure 5 shows the form of the 
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hardening curve for crystals of all the pure metals so far investigated. The basal 
plane of hexagonal crystals (also the slip systems of tin) shows a much lower re- 
sistance to slip than the octahedral slip systems of the face-centred cubic metals. 
This cannot be regarded as due entirely to the difference in melting points, as the 
cases of aluminium and magnesium show. The very rough representation in figure 6 
of the methods of two close packing of spheres may perhaps help to make plausible 
the very different behaviour of cty^stals of these two types (see also^*^^). The upper 
half of the figure shows spheres piled in the two different ways; in the hexagonal 
close packing, the spheres in the third row (not shown in the figure) come vertically 
above those in the first row, whilst in the cubic close packing only the fourth row 
comes exactly over the first. In the lower half of the figure, sections are shown 
representing these planes for which the spheres, which for this purpose are taken 


(o) hexagonal {f>) cubic 

4 - 



Figure 6. Slip in hexagonal and cubic close packed cr> stals. 


to represent atoms, undergo slip*. The behaviour of hexagonal crystals is seen to 
be much simpler than that of cubic crystals. 

In polar crystals also, deformation is accompanied by consideralile strengthening 
of the crystal. Quantitative hardening curves have however not yet been obtained. 
This is due to the fact that, in the crystals of the rock-salt type to which most 
attention has so far been devoted, the cr)Stallographic identity of the slip direction 
with the normal to the slip plane causes duplex slip to occur even at the com- 
mencement of the normal tensile test ‘>3). Crystals of the caesium chloride type 
(slip plane (no), direction [ooi]) should form suitable material for such an in- 
vestigation. 

The effect of temperature on the hardening curve is very slight at high or low 
temperatures, but very considerable in the middle range. 1 lore there is a transition 
from the steep curv'e at low temperatures, indicating considerable hardening, to 
the flat curve obtained at high temperatures^'^*. 

* The section A" B" is obtained from A' B' by c\chan^c of tho two midJlc ro\s^. 
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W hat conditions govern the cessation of slip cannot yet be stated with certainty. 
The type of phenomenon following slip (mechanical twinning, cleavage, or the 
development of a tic or of a crack) certainly plays an important part. With regard 
to the very' illuminating condition put forward as a result of alternating binding tests 
on steels^‘ 5 ’ and static torsion and compression tests on copper^'^\ namely, that 
failure occurs when the material has absorbed a certain amount of internal energy, it 
may be said that corresponding test results on single crystals are not available. Tests 
on zinc cry stals, which have shown that prior deformation in alternating torsion 
increases very considerably the energy absorbed to fracture in tension, do not 
necessarily disprove this energy' hypothesis, as the heat evolved was not measured. 

(b) Mechanical twinning 

Our knowledge of the second ty'pical crystallographic deformation phenomenon, 
the mechanical development of twins, is still practically limited to the crystallographic 
nature of the twinning elements. This type of deformation, which consists in 
portions of the crystal taking up positions symmetrical to the original lattice about 
the twinning element, extends in general in a way which is macroscopically dis- 
continuous. Frequently the transition to the twinned state occurs so rapidly that 
the deformation is accompanied by loud reports. The stresses necessary to cause 
twinning are of the same low order as those necessary for slip. No quantitative 
dynamical condition for the initiation of twinning is yet known. This is due in the 
first place to the very marked sensitivity of twin formation to the presence of 
inhomogeneity; for this reason mechanical twinning always occurs over a more or 
less wide variation in stress. In the second place, twinning is often accompanied and 
disturbed by slip. 

The effect of temperature on twinning appears to be still smaller than that on 
slip, as is shown by the failure of twinning at high temperatures in zinc and 
cadmium, and by the occurrence of twinning in preference to slip at low 
temperatures in a-iron. 

Twinning, like slip, leads to strengthening of the crystal. For instance, the 
shear strengths on the basal plane of nvin lamellae of zinc and cadmium crystals 
at room temperature are increased about twofold^'*’ and threefold^**^ respectively. 
In agreement with this, twin lamellae form extremely favourable centres for re- 
crystallization (see figure 7). For example, annealing at temperatures over 145° C. 
for I min. always produces recrystallization in twin lamellae of strained cadmium 
cr}’stals, whilst in the twin-free areas a temperature of at least 240° C. is necessary. 

In considering the theoretical aspects of these two mechanisms of deformation, 
it may be remarked that it is now well established that the observed low strengths 
on the slip ami twinning planes cannot be regarded as the strength of the lattice*. 

^ ariations in the modulus of rigidity hav'e never been observed at stresses below 
the onset of plastic deformation ; the elastic shear at the yield point or at the 
commencement of twinning is of the order of io“'* and not about 0*5 of that 
necessaiy- for the overcoming of the shear strength of the lattice. Opinions are 

* 'I'hc same may be said of the tensile strength of crystals (not dealt with here). 
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still widely divergent as to the reasons for this premature failure in crystals and for 
the strengthening which accompanies deformation. Lack of structural and of thermal 
homogeneity have been regarded as responsible, both separately and in combination. 
In general, recent opinion in the case of slip (see particularly^'^. 20, 20^ jg 
slip does not occur simultaneously throughout the whole cross-section of the 
crystal, but only locally in small regions, afterwards spreading through the whole 



Figure 7. Recr>’stallization of strained Cd crystal commencing from twin lamellae. 



Figure 8. Effect of temperature on creep curves of hard and soft copper wire^--*^ 

Stress i.6kg./mmf 


hard 


soft. 


crystal. That similar diffusion phenomena, depending on the slip system and tlie 
induced stresses, may also be taken as a model of twin formation is, liowever, 
hardly likely. In this case, the attainment of stable equilibrium necessitates that 
all the atoms in the neighbourhood of a particular atom sliall change their pfjsitions 
simultaneously. 

3. NON-CRVS'r.M.LOCiR.AIMI U' IM . A S'l' I C Tl' 'i 

A special type of plasticity, which probably caniKjt be regartled as due to 
crystallographic slip motion, is shown by crystalline materials when sudden clianges 
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of position occur (e.g. in recrystallization or phase change). Under the influence of 
external stresses that type of position-change will naturally be preferred (as in the 
case of plasticity in amorphous bodies) which results in a reduction of stress or 
plastic deformation, according to the applied load. In this way a recrystallized and 
therefore soft, annealed material may, above the recrystallization temperature, 
be stronger and more resistant than the hardened material, in which sudden 
changes of position take place on heating<^^\ Tests on spirals of tungsten and 
on wires of aluminium and copper^^'^^ do in fact show considerable creep when 
recrystallization occurs. As an example, figure 8 shows creep curves at high 
temperatures for hard and soft (annealed at 600® C.) copper wires; in all cases the 
hard, reciy-stallizing wire creeps more than the soft annealed wire. Similar results 
have also been found in the investigation of the “creep strength” of iron, nickel 
and various alloys of these metals at elevated temperatures The significance of 
this fact in practice is self-evident 

Detailed investigation of the phase change has been carried out in an iron-nickel 
alloy (30 per cent Ni)^^*^^ If by cooling, the change from the (face-centred cubic) 
y-phase to the (body-centred) a-phase occurred while the wire was under stress, it 
was accompanied by extensions up to 10 per cent. In this case also the change of 
position of the atoms is associated with a mechanically weak state. 
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DISCUSSION 


Dr H. J. Gough. The papers to which we have listened deal with the dis- 
crepancy that apparently exists between the theoretical strengths of solids and their 
observed strengths as determined under static tests to destruction. Yet if we choose 
suitable cyclic stress conditions, solids — and particularly metals — can be fractured 
under repetitions of a stress which is only about 50 per cent of the usual value of the 
practical strength. This type of failure — which for want of a better term is called 
“fatigue” failure — possesses features which render it of special interest in the 
present connexion, quite apart from its importance in engineering construction. A 
striking characteristic is that even the most ductile metals fracture in an apparently 
brittle manner; no appreciable change of general shape occurs, but fracture results 
from a spreading crack. Detailed study of fatigue cracking has established that this 
failure originates in local regions; it is found that, in a piece of metal consisting of 
hundreds of millions of crystals, cracking commences in a very tew isolated crystals 
and spreads from these centres: it has also been established that these centres 
represent ciy^stals which have suffered considerable plastic deformation by slip. 
The extension of this study of fatigue to single crystals of ductile metals, such as 
aluminium, copper, silver, zinc, iron, etc., has revealed that the process of failure 
is exactly similar to that of crystalline aggregates, while the use of microscopical and 
X-ray methods has enabled the characteristics of failure to be correlated witli the 
crystalline structure. In every case investigated, cracking has originated on the site 
of slip bands which represented slipping, under cyclic shearing forces, on definite 
ciy^stallographic planes and in definite crystallographic directions, but ot the 
available slip planes, slip actually occurs on a few only, while the slip bands do not 
extend right across the crystal but are of short length: the pitch, or distance apart, 
of the slip bands decreases with increasing range of applied shear stress. Now, 
although fatigue cracks always originate on the site of slip bands, yet cracking is not 
inseparably associated with slip, for, provided the applied range of stress has less 
than a certain limiting value, slip ceases, hardening is effected and fracture does not 
result. When this limiting value is exceeded, however, cracking can be obser\ed to 
commence, leading to complete fracture. Crackiti^ is, therefore, a local effect and is a 
consequence of previous plastic deformation. 1 he changes in the nature ot the X-ra\ 
reflexions obtained from crystals plastically deformed under cyclic stresses suggest 
that the crystal structure thereby becomes distorted or broken up in a manner 
which is equivalent to rotations of parts of the crystal about an axis contained by the 
slip plane and perpendicular to the slip direction, and it is reasonable to supjiose 
that in this manner stresses are set up of an altogether different order of intensity 
from the average stress estimated merely from the externally applied load and the 
total dimensions of the specimen. Thus, the actual stresses causing ruptuie may con- 
ceivably approximate to what are sometimes assumed to be the theoretical strengths oj 
metals. Experiments are now in hand to determine it a quantitative estimate can be 
obtained by the aid of X-ray methods of precision for the intensity of the strains 
induced in these local regions. 
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It will be seen that the above tentative conclusions derived from the study of the 
fatigue characteristics of metals bear many general points of resemblance to those 
reached by other researchers dealing with the rupture strength of solids under static 
forces. It is interesting to note that entirely different and independent methods of 
attack upon what appear to be two distinct problems converge in a very satis- 
factory manner upon the basic problem of cohesion. 

The question now arises: Must the initial low resistance of metals to plastic 
deformation be ascribed to an imperfect structure, requiring the assumption of 
intrinsic flaws, loose structures or mosaic structures? If the strengths of metals are 
to be calculated from the forces necessary^ to separate atom entirely from atom, then 
such assumptions may, perhaps, become necessary and permissible. But metals 
deform by shear and, as far as I am aware, no estimate has yet been made of their 
resistance to sliding. At the present time, it appears to me that existing knowledge of 
the cohesive forces of the “metallic” types of combination is much too incomplete 
to warrant definite statements concerning the theoretical strengths of metals. A 
closely associated and highly important aspect of the strength of metals, of which too 
little is known, is that of the process of strain hardening: ciy^stal break-up, lattice 
distortion, and preferred orientation all fail to offer an adequate explanation. Changes 
in the distribution of the free electrons have been suggested as the primary cause of 
the hardening of metals, and if this proves to be the case, fundamental knowledge of 
the true nature of slip may become available. In any case, the non-satisfaction of 
the Cauchy relations seems to indicate quite clearly that the inter-atomic forces are 
not purely central forces depending only on the atoms themselves. 

Thus, until quite recently, a fair statement of the position would have been that 
the obsen ed characteristics of the deformation of metals appeared to be consistent 
with the theories of Intrinsic Flaws or of Loose Structure or of Mosaic Structure, 
but that none of these was sufficiently definite to enable us to construct a quantitative 
theory to account for the finer and more important characteristics of the deformation 
and fracture of ductile metals. In my opinion, however, the recent theory of 
Prof. 'I'avlor has profoundly altered our outlook on the whole problem. By assuming 
the presence of random dislocations, probably due to thermal oscillations, and 
applying the methods of the theory of elasticity, he has constructed a quantitative 
theory which leads to conclusions regarding slip, strain hardening, the local strains 
resulting from slip, the clastic limit, and the influence of the test temperature upon 
these and other characteristics of plastic deformation, which arc in marked general 
agreement with the results of obseryation. The fact that some crystals give shear 
stress-strain relations which do not conform to the parabolic form predicted by the 
theory is not, I suggest, of great importance at the present stage of development of 
the theory. One of the most interesting aspects of Prof. Taylor’s theory is that it 
requires, as an essential, the presence within the crvstai of some tvpe of “inter- 
terencc structure” to limit the path of the migrating dislocations: he has shown 
that the dimensions of this structure are of the same order as that of the “ secondary ” 
structure ot whose existence so much circumstantial evidence of a variety of types 
has been obtained. 
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Lest I be misunderstood, I firmly believe that we should preserve entirely open 
minds on all theories, however attractive, which assume that the existence of 
imperfect structures is required to explain the characteristics of solids, untd after 
the nature of their cohesive forces has been clearly determhied and shozon to demand the 
existence of such imperfections. At the present time, however, no such fundamental 
foundation exists, and until this has been provided by the mathematical physicists, 
it is extremely helpful to build up tentative theories with which to compare the 
results of observation and experiment. In this direction Prof. Taylor has made a 
notable contribution to our knowledge of the subject, and I venture to express the 
hope that he will continue to explore the implications of his theory. 

Prof. E. N. da C. Andrade. During the last few years a number of investigations 
have been carried out in my laboratory on single crystals of metals, with special 
reference to the purity of the metal, in particular with cadmium and mercury. 'Phe 
work on cadmium was begun in conjunction with Dr Chalmers, and continued in 
conjunction with Dr Roscoe, while Mr Hutchings and Mr Greenland have co- 
operated in the work on mercury. Mercury was chosen since not only can it be 
prepared free from metallic contamination to a very high degree*'* (impurities not 
exceeding i part in 10®), but it is also free from dust and dissolved gases, both of 
which have been mentioned as causes likely to lead to departures from the perfect 
lattice. Perhaps I may be allowed to mention that I prepared single crystals of 
mercury, and of other metals, early in 1914*^*. 

Single crystals of cadmium, lead and bismuth have been prepared by the use of 
a narrow furnace which travels along relative to the wire: with a suitable relation 
between the temperature gradient and the velocity of travel, single crystal wires 
can be produced which give much more constant results than, e.g., those prepared 
by the Czochralski method, used by Boas and Schmid*^*. With crystals of cadmium 
prepared by this method the law of critical shear stress, referred to by Dr Schmid, 
has been confirmed to a closer degree than hitherto. 'Phe resolved shear stress does 
not depend upon the rate at which the crystal is grown, so long as it is a single 
crystal: with the Czochralski cr)'stals this is not the case. 

Dr Roscoe*-** has made a remarkable obser\ation on the effect of surface in 
cadmium crystals. With a superficial layer of oxide one or two molecules thick, tlie 
critical shear stress may be as high as twice the value obtained with a clean surface. 
If the oxide is dissolved off half a single crystal wire, we may have considerably 
different critical shear stresses in two parts of the same wire ; other experiments show 
that it does not matter whether the oxide film is formed during the growth of the 
crystal, or subsequently. Frequent reference has been made to-day to the effect 
of treatment of the surface on the strength of rock salt cr^^stals, but this appears to 
be the first time that a surface influence has been recorded with metals. No doubt 
with a clean surface the initial slip which takes place at the critical shear stress is due 
to minute cracks in the surface, much as has been described by Dr Orowan for rock 
salt, and the effect of the oxide layer is to round off and strengthen the sharp edges 
at which the stress is high. 
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The cadmium used by us contained initially some o*ii per cent zinc and 
0-03 per cent lead as impurities. Further purification reduced both the critical 
shear stress and the plastic hardening, measured by the slope of curve of resolved 
shear stress against shear (see E. Schmid, figure 5). With our purest cadmium at 
room temperature the critical shear stress was 13*7 g./mm? With our purest mercury 
at -50° C. it was 9-3 g./mmr, while for very pure zinc Hanson^s) has recently 
found 9' I g./mm: All the values are of a lower order than those given by Dr Schmid, 
being not much more than a tenth of his. There is an indication that the value may 
be about the same for all metals. We propose to investigate the change of critical 
shear stress with temperature for very pure metals, and also to carry out experiments 
with a metal deliberately contaminated with small amounts of a foreign metal, in 
order to extrapolate to absolute purity. It is important to know if the critical stress 
tends to a finite value. 

With cadmium, Dr Roscoe and I have found that the two impurities present, 
zinc and lead, have each a different effect. Small quantities of lead increase the 
critical shear stress, while small quantities of zinc increase the plastic hardening. 
While lead crystallizes in cubic form, zinc, like the cadmium, is hexagonal. It is 
possible that the thermal diffusion of lead atoms takes place less readily than that of 
zinc atoms, which, from the work of W. L. Bragg and E. J. Williams^^^ on the 
behaviour of alloys in which both metals belong to the same type of lattice, would be 
expected to move about freely to the positions of minimum potential energy. The 
sharp corners of internal flaws appear from the type of consideration put forward 
by Kossel and Stranski to be such positions. Lead atoms may be able to diffuse to 
the surface because of the greater freedom of thermal movement near the surface, 
in a tangential direction, of planes intersecting the surface. 

Mercur)’^*^^ at about -50° C. shows well-marked glide, the glide planes being 
particularly sharp, as can be seen from figures i and 2, which represent respectively 
an early and a later stage of glide in the same cr^^stal. An addition of 0*5 per cent of 
silver raises the critical shear stress considerably, but does not affect the spacing of 
the glide planes. These, however, lose their sharpness, and appear diffuse, as seen 
in figure 3. This suggests that the impurities tend to diffuse to the glide planes. 
There are many points of interest about mercur^^ It crystallizes on the rhombo- 
hedral system, and doubt has been expressed as to whether glide, as distinct from 
twinning, can be obtained from cr\'stals of this system. We have found that mercury 
glides on the rhombohedral faces, the glide direction being the short diagonal, and 
no sign of glide on the hexagonal base has ever been obtained by us, although this 
has been suspected of being the glide plane for tellurium^^\ which is also rhombo- 
hedral. With mercury the rhombohedral face and the hexagonal base are planes 
packed equally closely, within the experimental error of the angle determination, 
but the rhombohedral face contains a much more closely packed line, which is 
possibly the deciding factor. No other case seems to be known where these condi- 
tions prevail. Mercury twins on the plane through the long diagonals of the opposite 
faces, figure 4 being given as an example of the appearance of a twinning boundary. 
In all cases where the projection of the glide direction coincided approximately 
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\^ith the direction of pull (wire axis), twinnin" took place when the twinning plane 
made an an^le ot 45 with the wire axis. In this case both the old and the new glide 
planes are equally tavourabiy placed (or glide. How general this criterion may be is 
a matter tor further investigation. 

Mr (Treenland and I have tound that mercurv at — 180 twins much more readily 



I'lL'urc 7* ni'tril)uti<)n nt spacinu of uIkIo planes in lead. 
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and extensivelv than at -50. with the characteristic "erv” (figure 5). d’his 
suggested that with rhombolieelral niet<ils, at an\' rale, glitie takes |>lace more readily 
at lugh temperature. Dr Rciscoe and I therefore tried to produce glide in bismuth 
at a temperature 5 below the melting point, and procured a beautiful system of slip 
hands (figure 0). whereas at atmospheric temperature we found extensive twinning 
and no ordinary glide, in agreement with (iough and I'ox 'I’his behaviour is in 
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direct contradiction to the examples quoted by Dr Schmid, of twinning, in pre- 
ference to slip, at high temperature in zinc and cadmium, and shows how difficult 
it is to generalize in this field. 

We have made measurements on the spacing of the glide planes. With mercury 
and lead the initial system of glide planes, when once developed, remains without 
addition for a considerable extension, although ultimately new bands appear be- 
tween the old ones. The spacing of the planes is not constant, but has the ordinary 
chance distribution about a most probable value, as exemplified by lead (figure 7), 
where the most probable value is 4*2 x io~^ cm.* Figure 8 shows the slip lines for 
lead, at a magnification of 850, and it is interesting to note how incomplete slip 
bands running from top to bottom terminate close to the ends of others running from 
bottom to top. This is strongly reminiscent of G. I. Taylor’s theory of plastic deforma- 
tion^*®^ by the migration of faults, or centres of dislocation, under the influence of 
stress. The slip bands run slightly past one another, and where there are two bands 
terminating near the end of a band running from the opposite direction, the more 
distant of the two runs a little farther past (see figure 8, lines at A and B). It is to be 
further noted that the more widely spaced bands are complete. All this agrees with 
Taylor’s calculation that the stress required to make one of two opposed bands run 
past the other is inversely as the distance between the bands. Taylor also calculates 
that the furthest distance by which two bands can overlap without running on 
completely is equal to the distance between them, which also appears to be roughly 
confirmed. The average spacing, too, is of the order demanded by 'I'aylor’s theory, 
viz. a few times cm. 

The spacing in lead is a real feature of the crystal, and has been found to be 
independent of the diameter of the wire, temperature of stretch (o® and 100®), 
rate of stretch (varied by a factor of 3000) and amount of extension, which suggests 
that it is due to a feature initially present in the metal, and not to a development of 
periodic anomalies by the action of the stress itself. 

General conclusions from the experiments quoted are that critical shear stress 
is determined by surface imperfections, while plastic flow and plastic hardening are 
determined by internal flaws, variously called faults, crevices, or “ Lockerstellen,” 
to which metallic impurities segregate. It is suggested that, to comply with energy 
requirements, these impurities in all cases go to the sharp corners of both surface 
and internal cracks, where they can adapt themselves to the lattice and where they 
exercise a strengthening effect. 

Finally, as regards the rotation of crystallites, discussed by Burgers, Chalmers 
and F"* have shown by measurements of electrical resistance, and Gibbs and 
Ram Laf working in my laboratory, have shown by X-ray methods, that, when a 
polycrystalline wire of cadmium or of tin is extended, a rotation of the axes of the 
crystallites takes place. These metals show a hardening. On the other hand, with 
glass, which, as Joffc points out, shows no influence of plastic flow on mechanical 
strength, Ram Lai has found, by X-ray methods, that there is no rotation of the 
crystallites. I showed many years ago that polycrystalline wires flowing plastically 
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under constant stress eventually reach a stage where there is no hardening, i.e. 
where flow linear with time takes place. The X-ray experiments and electrical 
resistance experiments just quoted show that at this stage there is no progressive 
rotation of the crystallites. It is possible, then, that the intercrystalline boundaries 
can act in a way somewhat similar to that suggested by Burgers for the “cracks in 
a single crystal, and produce rotation when there is a shear component along them. 
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Dr W. F. Berg. Prof. Andrade mentioned the problem of the plasticity of 
bismuth crystals. I want to report a few results obtained on this material. Bismuth 
crystals are shown by GeorgiefiF and Schmid* to exhibit plastic deformation by slip. 
Later, Gough and Coxf and others were quite unable to find slip on bismuth 

crystals under similar stress conditions. 

In my opinion this difference is due to the different methods of making the 
crystals. Georgiefl and Schmid made their crystals under atmospheric pressure, 
whereas Gough and Cox made them in vacuo. I have applied both methods and 
the results of both papers were confirmed. Rough mechanical tests were made and 
the following results were obtained and published a short time ago|: 

(1) Crystals made in air show slip in tensile tests. Figure i shows clear slip 
lines on such a crystal. 'Fo show that the crystal has become a flat ribbon, part of it 
has been tilted 90°. 

(2) On cr>’stals made in vacuo no traces of slip could be detected in tensile tests. 

(3) These cr)'-stals, however, exhibit slip hands in compression tests, where 
bigger stresses can be applied than in tensile tests. Figure 2 shows slip hands in 
the original ciy'stal and in several mechanical twins, as described in Naturel. 

{4) Crystals made in vacuo are deformed by slip in tensile tests at higher 
temperatures (250 C.""). Figure 3 shows the two pieces of a cr\'stal which was pulled 
apart. One part has been turned through 90^ to show the typical deformation. 
There are two svstems of slip lines, one of them due to slip in the (iiij plane and 

* Z.f. Phys. 36 . 759 (i<,2f.). 
f- J. hist. Metals, 48 . 227 (1932). 

I .\atnre, 133 , 831 and 134 , 143 (1934). 
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the other either due to slip in the {i iT} plane or to slip in the{iii} plane of a twinned 
part of the crystal. 

According to a personal communication from Dr Gough (3) is confirmed by 
his latest experiments and it is interesting to hear that Prof. Andrade’s experiments 
in which very pure material was used confirm (4) above. 

The explanation why the crystals made in air are soft seems to be that they 
contain some of the gas which was used for cooling. Such crystals were heated in 
vacuo and a fair amount of gas came out. The amount was estimated by measuring 
the pressure obtained. There were about 3 x lo""* molecules of gas per atom of 
bismuth in these crystals. This figure, however, still needs further confirmation. 
Besides this difference in the surroundings of the growing crystals, the other con- 
ditions (temperature gradient, velocity of growth) are also different for the two 
methods of growing metal crystals. Therefore the gas content need not necessarily 
be the cause or the only cause of the softness of the crystals made in air. But the 
results are interesting in so far as this seems a case where an impurity facilitates slip. 

In connexion with the rotations which Dr Burgers has shown to take place in 
aluminium crystals if slip occurs, I wish to report a few results which were obtained 
on NaCl. The photograph (figure 4) shows four pictures of NaCl cleavage which 
were obtained by means of reflexion of X-rays from the cleavage. After one picture 
was taken the ciy^stal was rotated 30° in the plane of reflexion. I shall not give the 
details of this method here*. It is only necessary to state that these pictures are 
images of the cleavage in so far as one point on the photograph corresponds to one 
point only on the reflecting surface, and that the images would appear to be evenly 
illuminated if the crystal were perfect. The black and white stripes correspond to 
traces of the slip planes on the cleavage and show that some rotation has taken place 
near the plane of slip. The axis of rotation lies in the plane of slip and is perpendi- 
cular to the direction of slip. This corresponds to the results of Dr Burgers and to 
those obtained earlier by Prof. G. I. Taylor and C. F. Elamf on aluminium crystals. 
But there seems to be a difference in the interpretation of these results. Dr Burgers 
assumes cracks to be inside the crystals and explains the rotation by the action of 
these cracks. If it is permissible to generalize from the results on NaCl, we may say 


that this explanation can hardly hold, for the following reason ; the rotation obtained 
on NaC 1 seems to be fairly uniform along the whole plane of slip. This is seen on the 
photograph, which is about natural size. One can also grind off a small amount from 


the surface and find the same rotation on a certain plane of slip if one goes into the 
crystal. 1 o explain these rotations by cracks seems to be impossible. We might 


try to assume that there are ver\' many small cracks of the same size, but even then 
it seems hard to imagine how they can produce a nearly uniform rotation all along 
the plane of slip. At least in the case of NaCl, another explanation must be found. 

Again, I do not want to raise objections to G. I. Tavlor.’s explanation of 
plasticit) of cr\ stals and of strain hardening, which seems to be a great step forward. 
I mereh want to point out that there are facts connected with deformation by slip 


Sec Xdtunviss. 19 . 391 (1931). 
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which still need further explanation. It may be that these facts are due to secondary 
effects. 

There is the fact that we see slip bands at all. This fact means that two parts of 
the crystal have slipped one upon the other by a distance of several hundreds or 
thousands of atomic distances. We know that on NaCl crystals the occurrence of 
slip is marked by a stressed area along the plane of slip which shows itself by double 
refraction*. 

Further, a fairly uniform rotation takes place in the neighbourhood of the planes 
of slip in NaCl. 

I used to explain these facts to myself by a complete breakdown of the crystal, 
whose two parts slip one upon the other by a distance of many atomic distances. 
Since the crystals obviouslv consist of many smaller “mosaic” crystals (purposely 
no further details will be given of what is meant by this expression, but that tliere is 
something like it is clear from the X-ray experiments of Darwin and others) these 
smaller parts experience different strains and stresses according to their relative 
position with respect to the actual plane of slip. They are rotated, leaving a strained 
and stressed area along the plane of slip. Of course, the main question is still open : 
Why does such a breakdown of the crystal occur? 

For single crystals of tin it is known that slip occurs according to the change of 
shape of the crystal, but that sometimes no slip bands can be detected. This may be 
a case in which slip occurs purely according to Taylor’s theory. Perhaps an extension 
of this theor)', incorporating some assumptions about the mosaic nature of the 
common crystals, might account for some hitherto unexplained facts. 

Sir R. H.^dfield. d'he paper by Prof. E. Schmid contains information of a 
particularly interesting kind to the metallurgist. 'Phe evidence he shows, that the 
shear strength of crystalline materials is not greatly increased by lowering of 
temperature, would however hardly seem to be consistent with that obtained from 
other sources as concerning steel and iron, from which it is believed that the shear 
strength is more greatly increased by low temperature than the cohesive or direct 
tensile strength. Consequently, the weakness to shear which occurs at ordinary 
temperature is not displayed at low temperature, i.e. temjUTalures o( iIk* order of 
that of liquid air (— 182® C.), and breakdown occurs at tliese low teinperatures by 
direct tension rather than by shear. This explanation it is belicx ed also accounts for 
the brittleness and lack of ductility of iron and most steels at low temperature, since 
shearing is necessary to ductility. 

Prof. Schmid’s remarks on twinning are also of particular interest to the 
metallurgical microscopist. The readiness of twinned areas to re-crvstallize would 
seem to imply that twinning must be regarded as an actual crystal breakdown just 
as much as an actual state of strain bv movement along the slip planes. It is clearlv 
an abnormal condition which the regular forces of crvstallization dislike and tlo their 
best to rectify when an opportunity occurs as bv raising the temperature. 

It is not clear whether his figure 5 represents calculated or experimental results 

* I. W. Obreimoff and L. W. Schuhnikoft, Z. f. n/iys. 41 , 907 (i9.:7) 
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for the various metals shown, or whether the data obtained by these two methods are 
in agreement. Certainly the fact that nickel shows in this diagram a pronounced 
hardening effect is in agreement with my own observations on this metal. If 
theory is in agreement with experiment then it would appear that very useful 
progress has been made in knowledge as to the cause of work-hardening which is 
found of so pronounced a degree in manganese steel. 

Prof. A. Smekal. In connexion with the very interesting paper by Schmid, I 
should like to mention that Miss Dommerich in my institute has recently given 
measurements on the critical shear stresses for all three different slip systems of 
rock salt at ordinary temperature, and that the fact that these shear stresses are 
independent of crystallographic direction of deformation has been very well 
established in this case^'\ On the other hand, at much higher temperatures, Wolff 
was able to prove definitely the existence of gliding planes, which are in contradic- 
tion to the shear stress law^^\ Another interesting point which we have 
established on rock salt at ordinary temperature is a dependence of the operative 
slip systems on the form of cross-section of the monocrystalline rod. For instance, 
if we have to deal with tension perpendicular to a cube plane, four systems of 
dodecahedral gliding planes are equivalent. Nevertheless only those systems are 
realised for which the length measured along the gliding direction within the 
crystal is a minimum*^\ The origin for this new condition for slip is the fact that 
actual gliding starts from certain places within the crystal, and that the gliding 
planes tend to spread over the full cross-section with a definite velocity facts 
which seem to be of great importance for all plasticity theories. 
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Prof. E. Schmid. I would like to add to the observations of Sir Robert Hadfield 
the following remarks which serve in the main to support his views. 

(1) The fact that slip ceases in iron at low temperature does not compel t e 
assumption that in this case the yield point rises particularly steeply with decreasing 
temperature. As Sir Robert remarks, the brittleness at - 185° C. is caused by t e 
fact that before the elastic limit is reached another mechanism enters (cleavage 
parallel to the (100) plane, mechanical twinning parallel to (112)*, with formation of 
cracks along this plane). I'he behaviour of iron thus demonstrates merely that t e 
temperature change of these processes is less than that of the commencement of slip. 

This receives a certain amount of confirmation from the scanty observ'ational 
material at present available; the critical tension for tearing of bismuth and zmc 
crystals normal to the cleavage planes has been found to be independent of tern 
perature. 

(2) Examination of the atom distribution in the glide planes provides strong 
reasons for believing that the lattice is violently strained at the boundaries of twin 

* W. Fahrenhorst and E. Schmid, Z.f. Phys. 78 , 383 (1932)- 
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lamellae*. It is shown in this way, on purely geometrical grounds, that in many 

cases considerable distortion must occur. 

(3) The hardening curves shown in figure 5 of my paper were determined 

experimentally. The first theoretical deduction of the curves was due to (i. I. 
Taylor (reference (19) of my paper). According to his theory they should be 
parabolic, and in fact this is a good approximation to their form for tlie cubic metals. 

As regards the remarks of Prof. Smekal, IMiss Dommerich’s work has interested 
me particularly, as in it the shear-stress law is applied to the determination of the 
slip-elements {(100) planes), in the same way as was attempted previously for iron 
crystals-)-. It appears to me however that no absolute proof has yet been given that 
slip on (ill) planes also occurs in rock salt at room temperature, nor in particular 
of the critical shear stress on the third slip system, in the strict sense implied by 
Miss Dommerich. 

As to the statement of Mr Wolff that slip occasionally occurs in rock salt which 
does not agree with the shear-stress law, any expression of opinion must be deferred 
until the work is published. I shall here only remark briefly that in the case of tin 
crystals also, for certain initial orientations, a slip system is found to be operative 
which would not be expected from the known values of the critical shear stress. I'he 
reason for this must be the very marked hardening which occurs on the missing slip 
system with increasing slip, as a result of which a system becomes operative J; on 
which the hardening is much less. A decision as to whether such an explanation also 
accounts for Woltf’s rock-salt results will only be possible when we are in possession 
of the hardening curves, as yet unknown. 

* See tor example C. H. .Mathewson. Am. Imt. Min. Mvt. Enii. (Feb. ly’K). 
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